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ABSTRACT 

The reactions of five trihalomethyl group substi

tuted electron-deficient ole fins with electron-rich olefins 

were studied in order to determine the effect of steric bulk 

upon the subsequent reactions of the tetramethylene inter

mediates initially formed. 

Reactions of S-trihalomethyl group substituted 

olefins yielded cyclobutane adducts, resulting from a gem 

dimethyl effect which accelerates the collapse of the tetra

methylene intermediate. 

Reactions of a-trihalomethyl group substituted 

olefins gave both small molecule and polymeric products. 

Polymers were produced in reactions where steric interactions 

between the termini of the tetramethylene intermediates pre

vented ring formation. 

Ester substituted electron-deficient ole fins reacted 

with electron-rich ole fins to give both cyclobutane and 

6-alkoxy-3,4-dihydro-2H-pyran derivatives. A transition 

from concerted to stepwise reaction was observed, resulting 

from steric hindrance in the transition state leading to 

[4+2J cycloaddition. 

Exploratory studies of ion-radical propagation and 

chain transfer in polymerization processes were also 

xi 



xii 

conducted. The acid catalyzed free radical polymerization 

of imines was attempted, along with chain transfer studies 

of zwitterion-radical intermediates. 



CHAPTER I 

INTRODUCTION 

The reactions of electron-deficient olefins with 

electron-rich olefins provide a thought provoking bridge 

between organic and polymer chemistry. Small molecule 

adducts and polymers have been obtained in these reactions, 

both types of products resulting from a common intermediate, 

the tetramethylene intermediate, which is thought to repre-

sent a resonance hybrid between biradical and zwitterionic 

forms. The versatility of the theory is evident in the wide 

range of possible functions of electron-deficient olefins, 

ranging from the use of a-leaving group substituted olefins 

as cationic initiators, to electron-poor, a,8-unsaturated 

carboxylic esters for studying [4+2] inverse electron demand 

Diels-Alder cycloadditions. This work attempts to further 

elucidate the factors involved in small molecule formation. 

Several conventions have been used in previous 

literature regarding this subject. They are presented here, 

and will be used throughout this work. 

2 The symbol * denotes a sp carbon as either "+" or 

"_" or as a free radical. 

The letters D and A represent an electron-donating 

group or an electron-accep·ting group, respectively. 

1 
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The letter E represents a methyl ester functionality, 

Background 

The Tetramethylene Intermediate 

The thermal reaction of electron-rich and electron-

deficient olefins has received a great deal of attention 

and is reviewed in the literature (Hall, 1983; Sentman, 

1982; Rasoul, 1981). A wide range of products may result 

from reactions of this type giving both small molecule and 

polymeric products (Scheme 1). 

co 
A 

Scheme 1 

The unifying feature of this reaction scheme is that 

all of the products shown are formed from a common 



intermediate during reaction, ·the so-called tetrarnethylene 

intermediate. 

J t
D 0 

~+~ ::. "---7> ... 
~ 

A A A ! CHARGE-TRANSFER 
COMPLEX 

PRODUCTS 

Scheme 2 

The tetrarnethylene intermediate is formed as the pi 

systems of the two ole fins interact to form a new carbon-

carbon single bond and two active centers at the 1,4 posi-

3 

tions. Bond formation generally occurs between the two less 

substituted termini of the olefins, giving the greatest 

degree of stabilization to the sp2 hybridized carbons. In 

reactions of tetrasubstituted electron-deficient olefins, 

bond formation occurs at the less electronegative terminus, 

as in the reaction of dimethyl 2,2-dicyanoethylene-l,l-

dicarboxylate with ethyl vinyl ether (Hall and Sentman, 1982). 

~ 
OEt 

) d Et 

E CN 
E CN 
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The theoretical aspects of the tetramethylene inter

mediate have generated a great deal of discussion (Hoffman 

et al., 1970; Huisgen, 1977). As illustrated in Scheme 2, 

the tetramethylene intermediate is best represented as a dis

crete intermediate which exists somewhere on a continuum of 

possible intermediates between a biradical and a ~witterionic 

resonance form (Salem and Rowland, 1972). This continuum is 

thought to be possible because of a large degree of through

bond conjugation between the two termini. Evidence for this 

interaction has not yet been demonstrated (Huisgen, 1977). 

Although the overall electronegativity of the 

electron-deficient ole fins contributes greatly to the reac

tivity of a system, the exact character of the tetramethylene 

intermediate is predominantly determined by the terminal 

substituents which stabilize the sp2 carbons. 

Combinations of substituents which are strongly 

electron-withdrawing (-CF3 or -CN), or strongly electron

donating (-NR2 or -OR) generally favor the formation of 

zwitterionic tetramethylene intermediates. For instance, 

l,l-dicyano substituted olefins almost always give a zwitter

ionic species, as in the case of methyl l,l-dicyanoethylene-

2-carboxylate with a vinyl ether (Hall, Abdelkader, and 

Glogowski, 1982). 

Substituents which are capable of resonance 

interaction, along with less strongly electron-withdrawing 

or donating capabilities generally favor diradical 



~CN 

tN 

~ 
OEt 

) 

~Et 

~CN 
E CN 

tetramethylene formation, as in the case of the reaction 

5 

between trimethyl 1,1,2-ethylene tricarboxylate with styrene 

(Hall and Sentman, 1982). 

If 
E E 

COPOLYMER 

In the cases where the nature of the tetramethylene 

intermediate is borderline between those two resonance 

extremes, products resulting from both zwitterionic and 

biradical intermediates can be isolated (Hall, 1983; Hall 

and Sentman, 1982). 



NU 
/~ 

NC E 

Ar 

------7) E CCN 
E CN 

COPOLYMER 

/1 
Ar 

EqCN 
E N 

As described, the transition from biradical to 

6 

zwitterionic behavior is clearly delineated for a wide range 

of electron-rich and electron-deficient ole fins in Hall's 

"Organic Chemist's Periodic Table" (Hall, 1983). 

Because the electron-deficient ole fins studies are 

l,l-di-, tri-, and tetra-substituted with electron-accepting 

groups, reactions with electron-rich ole fins are generally 

spontaneous at room temperature. The reactivity of those 

olefins increases with increasing electrophilicity (Hall 

and Ykman, 1975). Steric hindrance introduced via 6-

substituents on the electron-deficient olefin, as well as 

reaction with sterically bulky electron-rich olefins lowers 

the overall reactivity of a system (Huisgen and Steiner, 

1973). In extreme cases, such as reactions of tetramethyl 

ethylene tetracarboxylate, reactivity towards electron-rich 

ole fins is much lower than expected from reduction potentials 



7 

because of steric hindrance (Mulvaney, Cramer, and Hall, 

1983) . 

Although the charge-transfer complex is represented 

as an intermediate preceding tetramethylene formation in 

Scheme 2, complex formation is not strictly necessary for 

tetramethylene formation (Hall, 1983). Charge-transfer 

complex formation, as evidenced by the formation of brightly 

colored solutions, is generally observed, however. 

In his review of this field, Hall (1983) discusses 

the experimental methods which have been applied in order to 

demonstrate the existence of the tetramethylene intermediate. 

Overall, the extreme reactivity of the species makes its 

detection difficult. Trapping experiments have proven suc-

cessful in some cases (Huisgen, 1973, 1977) for reactions 

involving zwitterionic intermediates, but biradical tetra-

methylene intermediates have proven too reactive for isola-

tion by this method. In such cases, formation of 1:1 alter-

nating copolymers has provided excellent evidence for the 

intermediacy of a biradical species (Iwatsuki and Yamashita, 

1971; Rasoul, 1981). 

NUN 
/\ 

NC eN 

-----. 
OEt 

EtOI-l 

) 

riEt 

NC~CN 
NC CN 

C
1 Et 

OEt 
NC eN 
NC CN'H 



The effect of solvent polarity upon reaction rate 

has also been used to demonstrate the existence of charged 

intermediates. Solvent effects are not always manifested 

in such reactions, however, and reactions proceeding via 

radical or concerted mechanisms are not subject to solvent 

effects (Gompper, 1969). Other methods, both direct and 

indirect, have been applied to this problem. For purposes 

of this study, it will be assumed that they have been ade-

quately discussed elsewherei the existence of the tetra-

methylene intermediate will not be questioned here. 

Cycloadducts 

In the wide variety of reactions reviewed by Hall, 

cyclobutane and cyc10hexane adducts generally result from 

reactions of zwitterionic tetramethylene intermediates. 

Although cyc10butanes can be formed via either zwitterionic 

8 

or biradica1 intermediates, cou1ombic attraction between the 

zwitterionic termini of a tetramethy1ene generally favors 

collapse to the cyclobutane adduct. The reaction of 1,1-

dicyano-2,2-bis(trif1uoromethy1)ethylene with ethyl vinyl 

ether yields cyc10butane as the only product (Middleton, 

1964) • 

~ 

OEt 
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Cyclobutane adducts have also been formed from 

zwitterionic intermediates in reactions where the electron-

withdrawing substituents of the electron-poor olefin are not 

so strongly withdrawing overall, but are compensated for by 

very strongly electron-donating substituents on the electron-

rich olefin, as in the reaction of acrylonitrile, a mono-

substituted electron-poor olefin, with an enamine (Brannock 

et al., 1961). 

~ 
CN 

+ ) 

I 

b
N -

CN 
H 

Cyclohexane adducts are formed exclusively from 

zwitterionic tetramethylene intermediates. Examples to date 

result from zwitterionic species which are extremely stabil-

ized, and which survive long enough to add another molecule 

of either olefin before closing to the cyclohexane adduct. 

As in the case of cyclobutanes, electron-deficient ole fins 

which do not normally give extremely stabilized zwitterionic 

tetramethylenes may react with enamines to give 2:1 adducts 

of the enamine and electron-poor olefin. 

+ ) 

(Brannock et al., 1964) 



+ ) 

(Hall, Abdelkader, and 
Glogowski, 1982) 

10 

McElvain and Cohen (1942) demonstrated the formation 

of a cyclohexane from maleic anhydride and diethyl ketene 

acetal. 

+ OEt 
--1 --OEt 

Although cyclobutane formation is possible in these 

instances, the initial zwitterionic tetramethylene formed is 

stable enough to make addition to another molecule of either 

olefin faster than ring closure. 

Formation of a 2:1 adduct with two molecules of the 

electron-deficient olefin incorporated was observed by 

Stille and Chung (1975) in the reaction of vinylidene cyanide 

with diethyl ketene acetal. 

OEt 
~ 
~ 

OEt 
) 



11 

Although both ions are strongly stabilized in the 

initial zwitterionic tetramethylene intermediates, both 

ole fins are highly reactive, the more reactive of the two 

adding to the tetramethylene to give the cyclohexane deriva-

tive shown. 

Small Molecules vs. Polymers 

Although both steric and electronic factors are 

important in determining whether tetramethylene intermediates 

initiate polymerization or form small molecules, attention 

has been paid mostly to the electronic considerations in 

these reactions. To a large extent, the observed results 

can be explained in terms of two possible conformations of 

the tetramethylene intermediate: both syn and anti conforma-

tions (Hall, 1983). 

FORMS 
SMALL f

MOLECULES 

sm ANTI 

~ INITIATES 
POLYMERIZATION 

Assuming that the tetramethylene is initially formed 

in the syn conformation, coulornbic attraction between the 

two termini helps to hold it in this conformation, with 

collapse to a cyclobutane adduct usually resulting. In cases 

where the intermediate is unusually stable, cyclohexane for-

mation may result. In polar solvents, the zwitterion is 
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solvated and rotation about the C-2/C-3 carbons to give the 

anti conformation may result in initiation of ionic poly

merization (Sentman, 1982). Solvent polarity may not be a 

factor in the initiation of ionic polymerization if the 

monomers are sufficiently reactive (Stille and Chung, 1975). 

Thus, in reactions involving zwitterionic tetramethylene 

intermediates, small molecule formation usually dominates. 

In reactions which give biradical tetramethylene 

intermediates, coulombic attraction is no longer present 

as a force to hold the intermediate in the syn conformation. 

Free rotation between the syn and anti conformations is 

inhibited only by steric factors such as bulky ~-substituents 

which impart a barrier to free rotation. In such a case, 

Rasoul (198l) suggests that the anti conformation is the 

most stable, as this conformation minimizes steric inter

action. Thus, initiation of free radical polymerization is 

the preferred mode of reaction in this case, with much less 

observed cycloadduct formation occurring (Hall, 1983). 

Electron-Deficient Olefins with ~-Leaving Groups 

Work by Hall and Ykman (1977) has demonstrated that 

6-chlorine substituted electron-deficient olefins act as 

cationic initiators for electron-rich monomers. They found 

that the reaction of l,l-dicyanovinyl chloride with p

methoxystyrene yielded poly-p-methoxystyrene. The mechanism, 

worked out by Hall and Rasoul (1980), involves formation of 
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the tetramethylene intermediate, followed by elimination of 

chloride anion. 

CI eN 
~ 
~ 

CN 

) 

1 Ar 

I~ 

The most surprising feature of this reaction scheme 

was the fact that reaction of dicarbomethoxyvinyl chloride 

or cycanocarbomethoxyvinyl chloride with p-methoxystyrene 

also yielded poly-p-methoxystyrene via cationic polymeriza-

tion. This result contrasted strongly with the expected 

results since these ole fins were expected to form biradical 

tetramethylene intermediates which would initiate free 

radical polymerization. Rasoul (1981) demonstrated that 

although free radical polymerization could be initiated in 

these systems using AIBN, cationic polymerization still 

remained a competing process. Synthesis of a series of 

olefins with more labile S-leaving groups (Hall and Rasoul, 

19801 such as triflate, gave a more potent group of initia-

tors for cationic polymerization. The efficiency of these 

compounds as cationic initiators was directly related to the 
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electronegativity of the electron-poor olefin, and to the 

leaving group ability of the S-substituent. Not surpris-

ingly, these two factors relate directly to the rate at 

which the tetramethylene intermediate is formed, and to the 

gegenion which accompanies the propagating carbonium ion. 

It is notable that a-chlorine substituted ole fins 

synthesized by Hall and Ykman (1977) did not exhibit behavior 

of this sort, but reacted via biradical intermediates. The 

transition from the expected biradical behavior to ion-pair 

formation occurred as a result of the ability of the tetra-

methylene intermediate to eliminate a leaving group S to the 

anionic terminus of the tetramethylene. 

Elimination of a leaving group from the tetramethyl-

ene intermediate has been observed in" cases where the leaving 

group was incorporated into the electron-rich monomer, as in 

the reaction of a-cyanoacrylate with S-bromo ketene acetal 

(Hall, Padias et al., 1979). 

Br OEt 

t:OEt 

4CN 

I E CEt 

~~Et 
~CN 
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In this case, elimination occurs as a result of an SN2 dis

placement of the bromide group by the stabilized anion of 

the tetrrunethylene intermediate. 

Reaction of a-cyanoacrylate with S-bromostyrene 

(Hall and Rasoul, 1982) did not give a similar elimination 

product, but rather underwent [4+2J Diels-Alder cyclo-

addition. No product resulting from stepwise reaction was 

observed. 

IN 
~ ----------~) 

E 

QCN yE 
Br 

Inverse Electron Demand Diels-Alder Reactions 

The [2+4Jcycloaddition of a,e-unsaturated carbonyl 

compounds yielding 6-alkoxy-3,4-dihydro-2H-pyrans is well 

known in the literature (Desimoni and Tacconi, 1975; Schmidt 

and Maier, 1982; Ismail and Hoffman, 1983; Tietze et al., 

1~82). Snider, Roush, and Killinger (1979) reported the 

first instance of an a,e-unsaturated carboxylic ester func

tioning as a diene in [2+4J cycloaddition, yielding a 

dihydropyran derivative (as well as an ene reaction adduct). 



o E 
~E 
O~ 

Reactions of ester substituted tri- and tetra-

substituted electron-deficient olefins with electron-rich 
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olefins are known to give dihydropyran adducts in most cases 

(Hall, Rasoul, et al., 1982). 

Other small molecule 'and polymeric products are produced in 

addition to these cycloadducts. Such competition to give a 

variety of products is seen in the work of von Gustorf et ale 

(1970) with azoesters, in which products resulting from both 

1,2 and 1,4 cycloaddition are obtained, depending on the 

nature of the electron-rich olefin. 

It should be noted that as [2+4J cycloadditions, 

these six elec'trc!l reactions are symmetry allowed, and may 

be concerted under thermal conditions. 

Desimoni and Tacconi (1975) describe an exception 

to the Woodward-Hoffman rules in the cycloaddition of 

heterocyclic carbonyl compounds and dihydropyran. A fraction 

of the dihydropyran is bonded in a trans fashion in the 
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product; the concerted reaction should yield exclusively cis. 

This deviation is attributed to reaction via a two-step, 

mechanism, probably Witil zwitterionic intermediates. Di

polar intermediat,es have been reported in numerous reactions 

of ketones with enaminesi these intermediates may collapse 

to form a 1,4-cycloadduct. The high nucleophilicity of 

enamines accounts for these facts. 

As mentioned before, azoesters also undergo stepwise 

reaction. A characteristic borderline case, discussed by 

Fir 1 and Sommer (1970) is the reaction of azoesters with a 

vinyl aryl ether. 1,2-Cycloaddition is preferred over 1,4-

addition if an electron-donating group increases the nucleo

philicity of the vinyl ether. Large solvent effects support 

the existence of a zwitterionic intermediate. Von Gustorf 

et ale (1970) in the study of the azoester cycloadditions 

extensively discuss the necessary criteria for distinguishing 

stepwise and concerted reactions. 

Scope of the Present Study 

The role of large sterically bulky groups in reac

tions of electron-deficient olefins to date has largely been 

ascribed to influencing the conformation of the tetramethyl

ene intermediate, as well as determining in part the reac

tivity and polymerizability of the electron-poor olefin. 

This study provides a survey of the reactions of 

trihalomethyl group substituted electron-deficient ole fins 
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with particular emphasis on determining the effects of 

sterically bulky groups upon reaction mechanisms. 1,1-

Dicyano-2-trichloromethyethylene, dimethyl 2-trichloro

methylethylene-l,l-dicarboxylate, and methyl 4,4,4-trichloro-

2-cyanocrotonate were synthesized as new ole fins for this 

studYi both trichloromethyl and trifluoromethylmaleic 

anhydride were known in the literature. 

Although the results of this study will be presented 

separately for each electron-deficient olefin, three major 

areas will be discussed. 

First, the structure and reactivity of this new 

series of olefins will be examined. 

Second, the effects of steric bulk as manifested 

in the reaction mechanism and product distributions will 

be discussed. 

Finally, the effect of potential leaving groups on 

the fate of the tetramethylene intermediate in reactions of 

trichloromethylmaleic anhydride will be discussed. 



CHAPTER 2 

RESULTS 

A series of a- and S-trichloromethyl group substi-

tuted electron-deficient olefins was synthesized. Along 

with a-trifluoromethylmaleicanhydride, reactions of these 

ole fins with a series of electron-rich ole fins produced a 

variety of small molecule adducts generally quite different 

from those produced in reactions of normal trisubstituted 

electron-deficient olefins. Reactions of methyl 4,4,4-

trichloro-2-cyanocrotonate in which a mixture of cyclobutanes 

and 3,4-dihydro-2H-pyrans was produced were studied to deter-

mine the nature of the reaction mechanism involved. Reactions 

of a-trichloromethyl substituted ole fins were generally found 

to give oligomeric products, unlike S-trichloromethyl substi-

tuded olefins which gave small molecule cycloadducts. Poly-

mers were produced only in reactions of the maleic anhydride 

derived olefins. 

Synthesis of Electron-Deficient Olefins 

Dimethyl 2-Trichloromethylethylene
l,l-dicarboxylate 

This monomer was synthesized using a modification 

of the procedure of Auwers and Schmidt (1913). 

19 
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CI3C >=0 + 

KOAc POzCH3 AC 20 C~\ pOaCH 3 

CHz -----+) C-~ 

'COtCH, .l COzCH 3 

62% 

Under standard Knoevenagel conditions with S-alanine, 

acetic acid I 2.ud refluxing benzene, chloral and dimethyl 

malonate did not react. Using the above procedure, reason-

able yields were obtainable in 24 h. The olefin was highly 

stable and required no special handling precautions. 

1,I-Dicyano-2-trichloro
methylethylene (DTE) 

DTE was synthesized from chloral and malononitrile 

under standard Knoevenagel conditions. 

B-alanine 
BOAc 
C6B6 

In order to avoid side reaction of the DTE once 

formed, a four-fold excess of chloral was necessary. DTE 

was isolated as a low melting crystalline solid, which could 

easily be distilled under vacuum. Caution was required in 

working with DTE at reduced presssures as it sublimes readily. 

Additional caution is required during handling as DTE causes 

severe skin burns. The monomer must be stored in the dark 



Methyl 4,4,4-trichloro-
2-cyanocrotonate (MTCC) 
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MTCC was synthesized from chloral and methyl cyano-

acetate under standard Knoevenagel conditions. 

CI,C >=0 + 

Only a slight excess of chloral was necessary in 

order to avoid degradation of the MTCC as it was formed. 

The product was a low melting, crystalline solid which was 

readily distilled under vacuum. NMR spectra of the product 

showed only one isomer of MTCC formed in the reaction. The 

ethyl ester of MTCC, reported in the literature by Plaisted 

(1955} and Prout, Abdel-Latif, and Kamal (1963), is reported 

only as the isomer in which the trichloromethyl group and 

the ester are trans to one another. This configuration is 

assumed to be correct in MTCC owing to the large steric bulk 

of both groups, and the absence of a second isomer. 

a-Trifluoromethylmaleic Anhydride (TFMA) 

TFMA was obtained from DuPont. It can be synthesized 

via the method of England (1982). 



TFMA is reasonably stable, although it is readily 

hydrolized. Nothing is known about the toxicity of this 

compound. 

a-Trichloromethylmaleic Anhydride (TCMA) 
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TCMA was synthesized via reaction of oxalyl chloride 

with a-trichloromethylmaleic acid, which was available via 

the procedure of Bowman, Closier r and Islip (1964). 

'-J ) 

2. HCI 

In the first step of the reaction, dimethyl maleate 

was refluxed in bromotrichloromethane in the presence of 

a radical initiator. The reaction was run in air; reaction 

under an inert atmosphere drastically reduced the yield. 

Hydrolysis of the product of this reaction to give the maleic 

acid derivative required periodic addition of HCl gas to the 

mixture. The reaction was easily followed, as only the 

product was soluble in concentrated HC1. 



23 

a-Trichloromethylmaleic acid reacted at room temper-

ature with oxalyl chloride upon addition of a trace amount 

of dimethyl forroamide as a catalyst. Reaction went to com

pletion in approximately 3 h. Flash distillation of.the TCMA 

formed was required in order to prevent extensive decornposi-

tion. 

Bowman et ale (1964) provide another synthetic route 

for a-trichloromethylmaleic anhydride. 

OH 
CI C-C-CO H - H20 ) 

J OH 2 B(OEt }J 

2 

° II 
CI]C-C-C02Et 

BrCH2C02Et 

Zn 

1 

Compound ! was obtained in 46% yield via Reforrnatsky 

reaction of ethyl 3,3,3-trichloropyruvate with ethyl bromo-

acetate. However, reaction of ! with P20S gave less than 20% 

yields of anhydride. The reaction was heterogeneous, and 

was conducted at high temperatures. 



In an effort to improve this reaction, ! was 

hydrolized to the monoethyl succinate derivative 3. 

Et 02« y0 2 Et HCI 
HO-C-CH2 I 

) 

eel] 

1 

Efforts to obtain the diacid were unsuccessful. 
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Reaction of 3 with P20S gave cleaner reaction mixtures, but 

not significantly higher product yields. It was found that 

the pressure at which the product is distilled from the P
2

0
S 

during Kugelrohr distillation determined the nature of the 

products formed. Distillation at 0.1 torr yielded relatively 

large amounts of l-hydroxy-l-trichloromethylsuccinic anhy

dride,~. Distillation at 10.0 torr provided a balance 

between production of 2 and decomposition of the TCMA formed. 

The structure of 2 was determined from IR spectra, 

chemical analysis, and mass spectra. The hydroxy group is 

assumed to be on the same carbon as the trichloromethyl group 

due to the absence of proton coupling in the lH NMR, and 

because of the nature of the precursor it is derived from. 

Reactions of Electron-Deficient Ole fins 

Attempted Reactions of Dimethyl-
2-Trichloromethylethylene-l,1-dicarboxylate 

Reaction of this monomer with a 'variety of electron-

rich olefins (p-methoxystyrene, styrene, isobutyl vinyl 
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ether, anethole, and cis ethyl propenyl ether) under a 

variety of conditions failed to give reaction products. In 

reactions of vinyl ethers some degradation was observed, as 

evidenced by discoloration of the reaction mixtures. How-

ever, the compounds responsible for the discoloration were 

present in concentrations too low to isolate. In the pres-

ence of potassium carbonate such side reactions were inhi-

bited. This monomer is not reactive under thermal conditions. 

Reactions of DTE with 
Electron-Rich Olefins 

Reaction of DTE with ethyl vinyl ether, cis and 

trans ethyl propenyl ether, and p~methoxystyrene yielded 

cyclobutate derivatives. 

~]L 

____ ~ __ O_E_t __ 7) H]COOEt 

CI C eN 
] CN 

Q, 0
5 

Ar 
------------7) CI C CN 

] 6 CN 

o 
25 C ) CDC'] 
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In all cases, conversion of monomers to cycloadduct 

was determined to be 100% by NMR; no other products were 

observed. The reactions were spontaneous at 25°C, and were 

noticeably exothermic. 

Identification of the cycloadducts formed as cyclo

butane derivatives was simplified by lH NMR. The C-l proton 

is shifted downfield to 0 4.35-4.55 by the ether moiety, and 

is split into either a doublet or doublet of doublets (J. = 
C1S 

J trans = 6-8 Hz) through coupling with C-4 protons. 

In the reaction of ethyl vinyl ether with DTE, two 

doublets of doublets were observed in the NMR, at 0 4.35 and 

4.65 (~H each). These signals corresponded to the two possi-

ble configurational isomers of the cyclobutane where the tri-

chloromethyl group is either cis' or trans to the ethoxy group. 

Both isomers are formed in 50% yield. 

Reaction of cis and trans ethyl propenyl ether with 

DTE yielded cyclobutanes which were identical by NMR and IR 

spectra; both cyclobutanes gave broadened doublets in the 

NMR at 0 4.55. 

In the reaction of DTE with p-methoxystyrene a broad 

triplet (doublet of doublets, J cis = Jtrans) at 0 4.4 (8 Hz) 

was observed; no polymeric products were obtained. 

DTE did not react with anethole or styrene under a 

variety of conditions. In an attempt to copolymerize DTE 

and styrene, equamolar quantities of both monomers in benzene 



were heated in the presence of AIBN. No products were 

obtained, however; polymerization was inhibited entirely. 

Reactions of MTCC with 
Electron-Rich Ole fins 
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In the reaction of ethyl vinyl ether with MTCC spon

taneous formation of cyclobutane 7 and dihydropyran 8 was 

observed. 

JEt 
OEt 

-----7) DCN + 
CIJC E 

7 
60% 40% 

The two adducts could be separated by recrystalliza

tion from diethyl ether at -50°C. The pyran was isolated 

upon filtration as a crystalline solid, whereas the cyclo-

butane was ether soluble. 

Adduct 7 was identified as a mixture of cyclobutane 

isomers by the presence of a doublet of doublets at 0 4.67 

(Jcis = Jtrans = 8.4 Hz) in the lH NMR spectra, in addition 

to nitrile and ester absorptions at 2260 and 1740 cm- l in 

the IR spectra. The dihydropyran was identified by the 

characteristic acetal proton at C-l in the NMR at 0 5.23 

(dd, 10.0, 2.4 Hz). Only one isomer of dihydropyran was 

apparent by NMR; pyran stereoassignments will be given later. 

IR spectra showed the absence of an ester absorption, and 

-1 
showed an absorption at 1600 cm corresponding to the 



characteristic ketene acetal double bond. The nitrile 

-1 absorbed at 2200 cm ,much lower than in the cyclobutane. 

In the reaction of MTCC with cis ethyl propenyl 

ether both cyclobutane and pyran cycloadducts were again 

formed spontaneously at room temperature. 

+ 

H30~ 
CIJCYOCHJ 

CN 
______ 11 

32% 

The cycloadducts were separated by low temperature recrys

tallization from ether at -50°C. Again, spectra of the 

ether soluble cyclobutane showed a broad doublet at 0 4.53 

(8.8 Hz) corresponding to the C-l proton. IR spectra con

firmed the existence of the ester and nitrile with absorp

tions at 2250 and 1740 em-I respectively. 

NMR spectra of the pyran showed a mixture of two 
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isomers 10 and 11, as evidenced by two signals due to acetal 

protons at 0 5.13 (d, 2.1 Hz) and 5.22 (d, 1.3 Hz). IR 

spectra showed the characteristic absorptions for the ketene 

acetal double bond (1600 em-I) and shifted nitrile (2200 

-1 em ). 
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It was observed that 10 was slowly isomerized over 

a period of several days in solution to form pyran 11. This 

process was found to be accelerated by addition of trace 

amounts of HCl. Pyran 11 was also unstable, and.decomposed 

to form cyclobutane over a period of several weeks. 

Reaction of MTCC with trans ethyl propenyl ether at 

25°C spontaneously gave a single isomer of pyran, which 

proved to be II, with no accompanying cyclobutane formation. 

CI
3 

.0 OCH3 
CN 

11 100% 

NMR spectra showed the acetal proton at 0 5.15 Cd, 2.1 Hz). 

IR spectra gave absorptions for the ketene acetal double 

bone and nitrile moieties at 1600 and 2205 cm- l respectively. 

Pyran 11 gave a wide melting point range (m.p. 95-l06°C) due 

to decomposition to form cyclobutane. 

In order to asslgn the stereochemistry of dihydro-

pyrans ~, 10, and 11 it was necessary to make some assump

tions based on a study of a series of dihyropyrans synthe-

sized in a similar fashion by Padias, Hedrick, and Hall 

(1983). Pyran stereochemistry was assigned on the basis 

of comparison of NMR coupling constants with expected con

figuration and conformation (see Table 1). Configuration 

at C-4 cannot be directly obtained from J 3 ,4 as this coupling 



Table 1. lH NMR Properties of 3,4-Dihydro-2H-pyrans from Reactions of MTCC 
with Vinyl Ethers. 

0 (ppm) J (Hz) 

pyran % Yielda 
H2 H3/H4 H4/H4' J 2 ,3' J 2 ,3 

8 40b 5.23 (dd) 2.2-2.8(m) 3. 7 (m) 10.0 2.4 

10 10c 5.22(d) 3.1 (m) 3.8 (m) 1.3 

11 2Sc 5.13 (d') 2. 7 (m) 3. 7 (m) 2.1 

a) Yield determined by IH NMR. 
b) Plus 60% cyclobutane. 
c) 10% of la, 25% of 11, plus 65% cyclobutane. 

w 
o 



is difficult to determine in the NMR. In most cases, con-

figuration was assigned by the Alder rule or endo effect. 

According to the Karplus equation (Jackman, 1969), 

diaxial vicinal hydrogens should give large coupling con-

stants (10-14 Hz). Thus, the configuration about C-3 and 

overall confor.matio~ can be deduced from the cis and trans 

coupling constants of the C-2 and C-3 protons. The magni

tude of these coupling constants can be explained in terms 
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of diaxial, diequatorial, and axial-equatorial orientations. 

In the reactions of MTCC yielding pyrans ~, 10, and 

11, 1,3-diaxial interaction between the trichloromethyl 

group and the alkoxy group become more important than the 

anoroeric effect. The coupling constant J 2 ,3 for pyran 10 

tl.3 Hz} corresponds to a half-chair conformation in which 

the bulky trichloromethyl group is equatorial (see Figure la). 

In pyran ~ (J2 ,3' = 10.0 Hz, J 2 ,3 = 2.4 Hz), the same effect 

is observed and the pyran again assumes a half-chair con for-

mation (see Figure Ib). 

In pyran 11, added 2,3-steric interaction becomes 

important as well. Thus, 11 (J2 ,3 = 2.1 Hz) assumes a half

boat (or boat) conformation (Figure lc). 

Reaction of MTCC with styrene and p-methoxystyrene 

at 2SoC yielded pyrans which, in both cases, were too un

stable to isolate. No polymers or copolymers were obtained. 

Assignment of the pyran structures was done on the basis of 

the NMR spectra of these compounds, which showed a 



OEt 

Fig. Ia <lQ) 

H 

EtO 

H 
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eN 

Fig. Ie <.DJ 

Fig. Ib <~) 

Figure 1. Conformation and Configurations of 3,4-Dihydro-
2H-pyrans. 
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characteristic doublet of doublets due to the acetal proton 

at C-2 at 0 5.1. 

No reaction was observed between MTCC and anethole. 

Reaction of MTCC with styrene in the presence of 

AIBN as a radical initiator at 60°C failed to give copoly-

meri polymerization was inhibited. 

The effects of solvent polarity upon the rate and 

product ratios of the reaction of MTCC with isobutyl vinyl 

ether was studied using a variety of different solvents (see 

Table 2). All reactions were observed to be complete within 

approximately 3 h by NMR. Furthermore, the ratio of dihydro-

pyran and cyclobutane formed in the reactions was relatively 

unaffected by solvent polarity. Pyrans formed were increas-

ingly less soluble in more polar solvents, possibly account-

ing for any observed differences in the product ratios. 

Reactions of TFMA with 
Electron-Rich Ole fins 

Reaction of TFMA with ethyl vinyl ether at -20°C 

yielded a cyclobutane adduct with a fused anhydride, the 

first such product observed in thermal reactions of electron-

deficient olefins. 

=.. 
OEt 

) 

12 



Table 2. Reaction of MTCC and Isobutyl Vinyl Ether in 
Solvents of Varying Polarity.a 
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Dielectric Ratio b 
Solvent Constant pyran/cyclobutane 

C6
D6 2.3 1.2 1.0 

CDCl 3 4.7 1.0 1.0 

CH3N02 35.9 1.0 1.5 

CD3CN 38.8 1.0 1.5 

a) Reaction of I mmole of each monomer in specified solvent 
(2 M). 

b) In all cases, reaction is complete in 3 h as determined 
by NMR. 

Determination of the structure of 12 was based on 

NMR and IR spectra, as well as elemental analysis. From the 

NMR and analysis results it was clear that 12 was a 1:1 

adduct of TFMA and vinyl ether. NMR spectra showed a triplet 

at 8 4.5 l8.0 Hz} which suggested a cyclobutane structure. 

This was confirmed by the high frequency anhydride carbonyl 

absorption in the IR at 1870 and 1795 em-I, indicative of 

an anhydride fused to a strained ring. When the reaction 

was run at higher temperatures (25°C) there was evidence of 

accompanying vinyl ether oligomerization occurring as well. 

Reaction of TFMA with trans ethyl propenyl ether at 

25°C did not give a cyclobutane adduct, but rather a 
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cyclohexane derivative which was a 2:1 adduct of vinyl ether 

and TFMA. 

"'-
~ 

OEt 

t==\OEt 

). 

13 

It was determined that 13 represented a 2:1 adduct 

from the fact that equimolar reaction of TFMA with the vinyl 

ether left unreacted TFMA upon completion of the reaction. 

A 2:1 equivalence of reactants gave complete conversion of 

both monomers to product. This ratio was confirmed by ele

mental analysis, although there was some error represented 

in the values due to difficulty in purifying the compound. 

In examining the IR spectra of 13, it was apparent 

that the adduct formed contained a six membered ring with a 

fused anhydride; carbonyl absorptions were found to be 1795 

and 1740 em-I. These values are not consistent with the 

appropriate values for either cyclobutane or TFMA incor-

porated into a copolymer. Thus, based on this data and the 

fact that no major change in mechanism was expected in the 

reaction of a B-substituted vinyl ether (as opposed to ethyl 

vinyl ether), a cyclohexane structure was assigned. 

Reaction of TFMA with cis ethyl propenyl ether under 

the same conditions yielded a product which was very similar 

to 13. The reaction product was again a 2:1 adduct, with 
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accompanying oligomer formation. Because the oligomer was 

difficult to separate from the product (an oil), this cyclo-

hexane was not isolated for analysis. As in compound 13, 

however, the carbonyl absorption in the IR was 1795 and 1745 

-1 cm , confirming the structure t.O be a cyclohexane deri va-

tive. 

It was apparent from the IH NMR of the product 

resulting from reaction of TFMA with cis ethyl propenyl 

ether that at least two isomers of the cyclohexane are 

formed, as evidenced by two multiplets at 0 5.1 and 5.4, 

each corresponding to ~H. The multiplet at 0 5.1 corre-

sponds to the same peak in 13, in which only one isomer is 

observed. It appears likely that the first vinyl ether 

incorporated into the molecule at C-4 and C-5 does not add 

stereospecifically. However, in the addition of the second 

vinyl ether forming C-l and C-6 of the cyclohexane ring, 

there is a marked stereochemical preference. 

In the reaction of TFMA with dihydropyran, a cyclo

hexane derived from 1:2 incorporation of the two olefins 

was obtained. 

o 
) 

14 
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The fact that 14 was a 2:1 adduct was confirmed by elemental 

analysis, and variation of the reactant ratios necessary to 

give complete conversion of monomers to product. The cyclo

-1 hexane structure was supported by the 1795 and 1750 cm 

absorptions in the IR spectra. From the NMR spectra it is 

apparent that there is a preference of configuration at 

specific centers in the molecule. The stereochemistry of 

the molecule was not determined, however. 

Reaction of TFMA with trans anethole in diethyl 

ether gave formation of a Wagner-Jauregg adduct, 15. 

) 

The product was insoluble in ether, and slowly crystallized 

in pure form. 

Identification of 15 was based on NMR and IR spectra, 

elemental analysis, mass spectra, and comparison of these 

data with data obtained by Hall, Nogues, et al. (1982) for 

the Wagner-Jauregg adduct obtained from reaction of carbo-

methoxyroaleic anhydride with trans anethole. Except for the 

absence of the ester~oiety in 15, the NMR spectra was the 

same as for Hall's compound. Elemental analysis and reactant 

ratios necessary to give 100% conversion confirmed that 15 



was a 2:1 adduct. IR spectra showed the anhydrides to be 

fused to a fairly strained ring system (1850, 1790 cm- l ) , 

and exhibited the characteristic vinyl ether moiety at 

1620 cm- l • 
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Because of limitations of the mass spectrometer used, 

a parent peak for 15 could not be obtained due to the high 

molecular weight of the compound. However, a peak due to M-F 

could be detected at mle 461. The single Diels-Alder adduct 

at mle 314, trans anethole at mle 148, and the trifluoro-

methyl group at mle 69 were also readily apparent. 

In the reaction of TFMA with p-methoxystyrene no 

small molecules were isolated. However, the reaction gave 

100% conversion to poly-p-methoxystyrene, which was isolated 

by precipitation into methanol. A slight carbonyl absorption 

was visible in the IR due to initiator residues present in 

the polymer chains; TFMA incorporation was not significant, 

however. 

) 

Reaction of TFMA with styrene yielded 1:1 copolymer, 

both under bulk and solution conditions in the presence of 

a free radical initiator. 
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BULK 6cf 
) 

spontaneous reaction at any temperature was not observed in 

solution reactions. Copolymer was only produced in bulk 

conditions at SSoc, or in solution in the presence of AIBN 

at 60°C. The copolymers produced by either method were the 

same by IR, NMR, and elemental analysis. While anhydride 

1 incorporation was difficult to see in the H NMR spectra, 

the carbonyl absorption was very strong in the IR spectra 

at 1860 and 1790 em-I 

Chemical analysis did confirm a 1:1 composition of 

both monomers in the polymer. Copolymer produced under bulk 

conditions was oligomeric (n inh < 0.03 g dl- l ), while copoly

mer produced in solution was slightly higher in molecular 

weight (ninh = 0.08 g dl-
l
). 

Bulk reaction run at temperatures above 60°C showed 

signs of fluorine scrambling or rearrangement, as evidenced 

by the appearance of numerous signals and couplings in the 

NMR spectra. 

Reactions of TCMA with 
Electron-Rich Olefins 

Mixture of TCMA with ethyl vinyl ether in chloroform 

at 2SoC did not give clean reaction; at SoC reaction did not 
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occur. As the reaction mixture was slowly warmed to 25°C 

reaction occurred, as evidence by the slow formation of a 

deepening brown color, and disappearance of the monomers in 

1 the NMR spectra. H NMR spectra of the product showed peak 

broadening similar to that normally observed in NMR spectra 

of polymeric materials. IR spectra showed incorporation of 

the anhydride (1850, 1750 cm- l ) and ether functionalities 

(1100-1250 cm- l ). 

Analysis of the product was complicated by the fact 

that repeated recrystallization or precipitation from pen-

tane did not remove the brown color from the material. 

Results of elemental analysis correspond most closely to a 

4:1 adduct composed of ethyl vinyl ether and TCMA. A telo-

meric structure was suggested. 

~ 
OEt 

) 

o 
O~(-rO OEt 

~~ 
cel n CI 

2 17 

Variation of n and alternate modes of termination 

would explain departure of the elemental analysis results 

from the calcula·ted values. 

Further support for this structure, specifically 

the l,l-dichloro olefin was given by an absorption at 1590 

em-I in the IR spectra, which is very close to the value 

given for this moiety in Bowman et al.'s (1964) work. It 

was not likely that this absorption represented a double 
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bond due to termination of the growing chain through elimi-

nation; the NMR spectra did not support a structure of that 

type. 

Reaction of carbomethoxymaleic anhydride (Hall, 

Nogues, et al., 1982) with vinyl ethers gave reaction pro-

ducts resulting from free radical reaction. In order to 

test for this possibility the reactions of TCMA with vinyl 

ether were allowed to react in the presence of 3-t-butyl-4-

hydroxy-5-methylphenyl sulfide, a radical inhibitor. Reac-

tion proceeded the same as in the absence of the inhibitor, 

giving a product which was the same by NMR and IR spect~a 

as adduct 17. 

Reaction of TCMA with dihydropyran at 25°C proceeded 

much more slowly than with ethyl vinyl ether. Although the 

reaction appeared to be much cleaner, purification of the 

adduct formed, 18, was difficult. 

Examination of the IH NMR spectra of 18 showed 

extensive peak broadening, again suggestive of an oligomeric 

structure. The IR spectra gave absorptions for the anhydride 

(1850,1700-1780 em-I), dichloro olefin (1550-1610 cm- l ), 

and ether moieties (1200 cm- l ). Elemental analysis results 

suggested that 18 was a 2:1 adduct of dihydropyran and TCMA. 

Unlike the reaction of TFMA with dihydropuran, it 

was unlikely that cyclohexane formation was possible here. 

NMR and IR spectra did not support a cyclohexane type 

structure. The reaction of TCMA with ethyl vinyl ether 
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to form 17 suggested a mechanism which makes cyclization 

impossible. 

In reactions of TCMA with cis ethyl propenyl ether 
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similar results were obtained. Darkening of the reaction 

mixture and total consumption of the vinyl ether, along with 

1 broadening of the signals in the H NMR suggested oligomeri-

zation of the vinyl ether, as in the prior cases. The 

product was formed as an oil which could not be further 

purified, and was not isolated. 

Reaction of TCMA with p-methoxystyrene lead to 

formation of poly-p-methoxystyrene under a variety of 

conditions. 

) 

Side by side reaction of equimolar amounts of TCMA 

and p-methoxystyrene were run in benzene and dichloromethane. 

Polymer was obtained only from the reaction in dichloro-

methane, after 24 h. IR spectra showed only a weak carbonyl 
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absorption, indicating a low degree of incorporation of the 

TCMA into the polymer. Elemental analysis results confirmed 

this fact, corresponding closely with the calculated values 

for homopolymer, with only 0.95% Cl. 

Reaction of TCMA with p-methoxystyrene in the 

presence of 3-t-butyl-4-hydroxy-S-methylphenyl sulfide as 

a radical inhibitor (in dichloromethane) proceeded to give 

poly-p-methoxystyrene as before; reaction was not inhibited. 

TCMA was heated with p-methoxystyrene in benzene in 

order to test for the possibility that reactions yielding 

polymer at 2SoC were due to initiation by HCI, not as a 

result of bimolecular reaction of the two monomers; higher 

temperatures should have aided any reaction of the two mono

mers. Precipitation of the polymer produced in the reaction 

yielded poly-p-methoxystyrene of approximately the same com

position as the homopolymers obtained in the previous 

reaction. 

In an attempt to initiate free radical copolymeriza

tion of the TCMA and p-methoxystyrene, equimolar amounts of 

both monomers in benzene were heated to 60°C with AIBN. IR 

and NMR spectra of the polymer produced were the same as for 

the previous reactions. Elemental analysis of this polymer 

indicated a slightly larger incorporation of chlorine (1.42%), 

although C and H values were still very close to those 

calculated for homopolymers. 



Bulk reaction of equimolar quantities of TCMA and 

styrene under oxygen free conditions at 80°C for 12 h 

yielded a copolymer. 

2.5 

19 

IR spectra showed high frequency carbonyl absorp

-1 tions at 1850 and 1780 cm , as compared to 1860 and 1790 
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cm- l for the copolymer from TFMA and styrene. The composi-

tion of the copolymer was determined to be 1:2.5 (TCMA and 

styrene) by elemental analysis. 

No polymer was obtained from reaction of TCMA and 

styrene in benzene in the presence of a radical initiator 

(AIBN). The mixture was heated to 60°C for 24 h under 

argon, and then poured into pentane. Evaporation of the 

pentane left only starting materials, and extremely low 

molecular weight oligomer which was not isolated. 

Reaction of TCMA with trans anethole did not occur 

under a variety of reaction conditions. 



CHAPTER 3 

DISCUSSION 

Four basic aspects of trihalomethyl group substituted 

electron-deficient olefins will be discussed in this chapter: 

first, the structure and reactivity of this series of ole-

fins; second, the effect of stericbulk upon the reaction 

mechanism and products, with particular emphasis on the 

reactions of methyl 4,4,4-trichloro-2-cyanocrotonate, 1,1-

dicyano-2-trichloromethylethylene, and trifluoromethylmaleic 

anhydride; third, the role of potential leaving groups incor-

porated in the electron-deficient olefin in determining the 

nature of the intermediates formed during reaction. Finally, 

several aspects of the synthesis of trichloromethylmaleic 

anhydride will be discussed. 

Structure and Reactivity 

Examination of the reactions of the trihalomethyl 

group substituted ole fins with electron-rich olefins reveals 

the following order of reactivity. 

TFMA DTE MTCC TCMA 

45 
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With the exception of TFMA which is trifluoromethyl substi-

tuted, the olefins listed above are less reactive than pre-

viously synthesized analogues in which the trichloromethyl 

group is replaced by an ester (Hall and Abdelkader, 1981; 

Hall and Daly, 1975; Hall, Nogues, et al., 1982). TFMA is 

more reactive than carbomethoxymaleic anhydride. 

The trifluoromethyl group is a very potent electron-

acceptor, while the trichlormethyl group is very weak. 

-CF -CN 
3 ' 

> -cel 3 

Inductive effects alone do not account for the strength of 

the trifluoromethyl group (Chivers, 1973); however, the 

means by which it acts as an electron-acceptor has no bear-

ing on the arguments presented here and will not be discussed. 

The trichlorome"thyl group acts as an electron-

acceptor through inductive effects of the chlorine atoms. 

Regardless of the comparative strengths of these two tri-

halomethyl acceptors, both are of interest because of their 

large steric bulk. In considering that the cyano group is 

roughly the same size as the chloro group, it becomes appar-

ent that these trihalomethyl groups introduce a significant 

degree of steric hindrance into a molecule (Shephard, 1970). 

The combination of large steric bulk and weak 

electron-accepting ability in the trichloromethyl group 

accounts for the reduced reactivity of this series of 

olefins. Whereas trimethyl 1,1,2-ethylene tricarboxylate 
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is a reactive olefin, dimethyl 2-tricholormethylethylene

l,l-dicarboxylate is totally inert under a wide range of 

reaction conditions. Although this olefin is more electro

negative than the disubstituted dimethyl. l,l-ethylene 

dicarboxylate, the steric bulk of the S-trichloromethyl 

group overcomes the enhanced electron-deficiency of the 

olefin to render it inert. 

The remaining trichloromethyl group substituted 

ole fins possess much more potent electron-acceptors, thus 

remaining sufficiently electronegative that spontaneous 

reactions are still possible despite steric factors (see 

Table 3). 

Tetramethylene Intermediates 

The formation of tetramethylene intermediates in the 

reactions of the trihalomethyl group substituted ole fins 

generally proceeds according to the "rules" discussed in 

Chapter 1. The reactions of TCMA present a possible excep

tion to these rules and will be discussed separately. 

The reactions of DTE with vinyl ethers and p-methoxy

styrene yielded cyclobutanes i, ~, and 6. While no solvent 

polarity studies were conducted to confirm the nature of the 

tetramethylene intermediate involved in these reactions, 

there is ample precedent in the literature to support the 

intermediacy of a zwitterionic species. Reactions of nor

mally l,l-dicyano substituted olefins with the more 



Table 3. Reactions of Trihalomethyl Group Substituted Electron-Deficient 
Ole fins with Electron-Rich Olefins. 
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electron-rich monomers invariably proceed via zwitterionic 

tetramethylene intermediates (Hall, 1983). The introduction 

of a S-trichloromethyl group into the system should not alter 

the nature of the intermediate. 

Reaction of MTCC with a series of electron-rich 

ole fins yielded dihydropyran adducts and cyclobutanes I and 

9. The dihydropyrans are formed via a concerted [4+2J cyclo

addition and will be discussed later. Cyclobutane formation 

could in theory be attributed to the collapse of either a 

biradical or zwitterionic tetramethylene intermediate. 

Studies of the effect of solvent polarity upon rate and 

product ratios in these reactions demonstrated that polar 

intermediates are not involved, however. Although solvent 

effects may be absent in reactions involving polar species 

tGompper, 1969), there is no reason to suspect the inter

mediacy of a species which is not biradical in nature. 

The reactions of TFMA with vinyl ethers gave products 

resulting from zwitterionic tetramethylene intermediates. 

The formation of cyclohexane derivatives 13 and 14 must 

proceed by way of an ionic mechanism. Cyclobutane 12 must 

also be the result of ring closure of a zwitterionic species; 

the S-substituent of the vinyl ether should have no effect 

on the character of the tetramethylene intermediate formed 

here. 

Reactions of TFMA with p-methoxystyrene yielded poly

p-methoxystyrene. The formation of a homopolymer can be 



accounted for by the initiation of cationic polymerization 

by a zwitterionic species (Hall, 1983). 

50 

Reaction of TFMA with styrene lead to the formation 

of 1:1 copolymer 16 which must be the result of initiation 

by a radical species (Iwatsuki and Yamashita, 1971). These 

results are compatible with the fact that p-methoxystyrene 

is more electron-rich than styrene, and favors the formation 

of a zwitterionic tetramethylene intermediate in reactions 

with very electrophilic olefins. Reactions of styrene with 

electron-poor olefins usually gives biradical tetramethylene 

intermediates tHall, 1983). 

The reaction of TFMA with trans anethole proceeds 

via two consecutive niels-Alder reactions to give the Wagner

Jauregg adduct 14.' The formation of a tetramethylene is not 

involved in this case; steric factors make the stepwise 

reaction path'way unfavorable. 

Polymers vs. Small Molecules 

The reactions of trihalomethyl group substituted 

olefins with electron-rich olefins generally result in the 

formations of small molecule adducts, rather than polymeric 

products. Polymers are obtained only in a few instances, 

a result which is quite different from the case of normally 

substituted electron-deficient olefins. Three possible 

factors may e.xplain this observation. 
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First, trisubstituted olefins do not homopolymerize. 

In reactions yielding zwitterionic tetramethylene inter

mediates, anionic polymerization of the electron-poor monomer 

is not possible, as it is for ole fins such as vinylidene 

cyanide (Stille and Chung, 1975). 

The second factor, steric interactions within the 

tetramethylene intermediate, accounts for the fact that 

cationic polymerization of the electron-rich olefin is 

observed only in the reaction of TFMA with p-methoxystyrene. 

Such steric effects will be discussed later. Although 

cationic polymerization results in the reactions of TCMA 

with electron-rich monomers, these reactions occur via a 

different mechanism and must be considered separately. 

The third factor limiting polymer formation stems 

from the fact that these olefins are trichloromethyl substi

tuted, and thus contain three allylic chlorine atoms. In 

free radical processes, these monomers are efficient chain 

transfer agents, such that initiation of free radical poly

merization by a biradical tetramethylene intermediate is 

unlikely. Bulk reactions of TCMA with styrene at elevated 

temperatures do give copolymer, but the'molecular weight is 

very low, and only 29% TCMA incorporation is achieved. AIBN 

initiated solution polymerizations of TCMA, MTCC, DTE, and 

dimethyl ;::-trichloromethylethylene-l,l-dicarboxylate were 

totally inhibited. 
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1:1 Copolymer was obtained in the reaction of TFMA 

with sty'rene under both bulk and AIBN initiated solution 

conditions. Allylic fluorine atom transfer was not signifi

cant except at elevated temperatures. The molecular weights 

of the polymers obtained were low, in the range of 10,000-

15,000. 

Steric Effects 

As has been mentioned, the incorporation of sterical

ly bulky groups into electron-poor ole fins influences the 

reaction mechanism and products formed in reactions with 

electron-rich olefins. Discussion of these two areas will 

be presented separately: the first, stepwise versus con

certed reactions of a,B-unsaturated esters, specifically 

MTCC. Second, the role of steric hindrance in determining 

the products produced in the reactions of DTE, MTCC, and 

TFMA will be discussed. 

Stepwise vs. Concerted Reactions of MTCC 

The reaction of MTCC with ethyl vinyl ether produced 

both cyclobutane adduct 7 and 3,4-dihydro-2H-pyran~. The 

fact that 7 is formed via a stepwise reaction has been dis

cussed. The lH NMR spectra of ~ showed that only a single 

isomer of pyran was formed. In order to test the stereo

specificity of the reaction yielding [4+2J cycloaddition 

product, MTCC was reacted with both cis and trans ethyl 

propenyl ether. 
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Reaction of MTCC with the cis vinyl ether yielded 

cyclobutane ~, as well as two isomers of pyran, 10 and 11. 

Although 10 was the predominant isomer formed, it slowly iso

merized to form 11. 

As discussed in Chapter 2, it is apparent from the 

IH NMR coupling constants that 10 is formed with retention 

of the cis vinyl ether configuration; the C-2 ethoxy group 

and C-3 methyl group remain syn with respect to one another. 

As represented, 10 is formed as a result of exo 

approach of the vinyl ether to MTCC in the transition state 

leading to 10, not endo approach as is normally preferred. 

Exo approach results due to severe steric hindrance in the 

transition state resulting from endo approach. The isomer 

of pyran resulting from endo approach would have the ethoxy, 

C-3 methyl, and trichloromethyl groups all syn to one 

another, a configuration which is sterically unfavorable 

regardless of the assumed conformation. 

Steric interaction between the C-3 methyl group and 

trichloromethyl group is unavoidable in products resulting 

from either mode of approach. Isomerization of 10 to 11 

occurs in order to relieve this steric strain. 

~ 
CI~O~ 

CN 
10 

~C 
oa 

~q 
CI~O~ 

CN 

11 
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Whereas 10 exists in a half-chair conformation with 

the ethoxy group axial as favored by the anomeric effect, 11 

assumes a half-boat (or boat) conformation. This conforma-

tion removes the ethoxy group from the less favorable equa

torial position of the half-chair conformation, and relieves 

the 3,4-steric interactions. 

H 

11 

) 

H 

EtO OCH3 

Al though two isomers of dihydropuran (10 and 11) are 

formed in the reaction of MTCC with cis ethyl propenyl ether, 

10 is the only product resulting directly from a bimolecular 

reaction.. This reaction is stereospecific and is probably 

concerted. While stereospecificity is not sufficient of 

itself to prove a concerted mechanism, it provides very 

strong evidence for concertedness. It is probable that in 

the reaction of MTCC and the cis vinyl ether, a stepwise 

and a concerted mechanism are occurring simultaneously. 

In the reaction of MTCC with trans ethyl propenyl 

ether, pyran II-is obtained as the sole product. As in the 

reaction which yielded la, pyran 11 is formed with retention 

of the vinyl ether configuration; the C-3 methyl and ethoxy 
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10 11 

groups are anti. The reaction is stereospecific, and 

probably occurs via a concerted mechanism. 

Cyclobutane is not obtained in this reaction because 

the stepwise mechanism is not competitive. The trans ethyl 

propenyl ether is more reactive than the cis isomer (Padias, 

Hedrick, and Hall, 1983), and provides less steric hindrance 

during endo approach in the transition state leading to [4+2J 

cycloaddition. While there is more steric hindrance here 

than in the reaction of MTCC with ethyl vinyl ether, the 

greater reactivity of the propenyl ether compensates for the 

increased steric hindrancej the concerted mechanism is the 

dominant pathway. 

The relationship between steric hindrance and reac-

tion mechanism in the reactions of a,B-unsaturated carboxylic 

esters has been alluded to several times in the text. This 

relationship \'las explored in greater detail in conjunction 

with a 'separate study conducted with normally substituted 
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electron-deficient olefins (Padias, Hedrick, and Hall, 1983). 

The results of this study are shown in Table 4. 

From Table 4 it is apparent that except for MTCC, 

all of the trisubstituted electron-deficient olefins react 

via a concerted [4+2J cycloaddition mechanism, as demon

strated by the stereospecific formation of one isomer of 

dihydropyran in each case. The reactions of MTCC (which has 

a bulky S-substituent) and the tetra-substituted olefins 

(which have two smaller S-substituents), took place with a 

concurrent stepwise mechanism, as evidenced by cyclobutane 

formation or loss of stereospecificity during dihydropyran 

formation. The electron-deficient ole fins listed in Table 4 

are ranked in order of increasing reactivity. While the 

electronegativity of the olefin relates directly to its 

reactivity, it is apparent that there is no correlation 

between olefin reactivity and reaction mechanism in these 

reactions. The transition from the concerted inverse elec

tron demand Diels-Alder reaction to the stepwise mechanism 

occurs as a result of sceric hindrance. 

The simultaneous formation of cyclobutane and 

dihydropyran cycloadducts in the reactions of MTCC can thus 

be accounted for in terms of two competing mechanisms. 

Although the concerted mechanism is usually dominant, steric 

bulk introduced into the system by the -CC1
3 

group provides 

enough steric hindrance in the transition state leading to 



Table 4. Reactions of Electron-Deficient Ole fins with Cis and Trans Ethyl Propenyl 
Ether Yielding 6-Alkoxy-3,4-dihydro-2H-pyrans. 
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the [4+2J cycloaddition product that the stepwise [2+2J 

mechanism becomes competitive. 

The reactions of MTCC with styrene and p-methoxy

styrene give only dihydropyrans via a concerted [4+2J cyclo

addition. Although steric bulk is present in these systems, 

the electron-rich ole fins are not sufficiently nucleophilic 

enough to make the stepwise reaction energetically feasible. 

Product Determination in Reactions 
of MTCC, DTE, and TFMA 

Steric bulk influences the fate of the tetramethylene 

intermediate (and thus the nature of the products formed) 

differently depending upon whether the sterically bulky group 

group is introduced as an a- or a S-substituent in the 

electron-deficient olefin. The effect of bulky S-substitu-

ents is manifested as a gem dimethyl effect, and will be 

considered first. 

The only products isolated resulting from the step-

wise reactions of DTE and MTCC with electron-rich olefins 

are cyclobutane adducts. As discussed previously, the tetra-

methylene intermediates formed during reactions of DTE are 

considered to be zwitterionic in character: the tetra-

methylene intermediates in the reactions of MTCC are probably 

biradical. The fact that homopolymers or copolymers are not 

isolated as side products in these reactions suggests that 

the tetraroethylene intermediates formed in these reactions 

do not have long enough lifetimes to be able to initiate 
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polymerization. In order to understand this assumption, it 

is necessary to examine the possible conformations of the 

tetramethylene intermediates in these systems. 

--~) POLYMER 

The tetramethylene intermediate formed from DTE and 

an electron-rich olefin is zwitterionic in character, such 

that coulombic attraction helps to hold the intermediate in 

the syn conformation. Collapse to form the cyclobutane 

adduct occurs very rapidly because of this attraction, and 

because of a gem dimethyl effect between the B-substituents 

of the tetramethylene which accelerates ring closure. 

The gem dimethyl effect is more in evidence in the 

reactions of MTCC with electron-rich olefins because there 

is no coulombic attraction holding the tetramethylene inter-

mediate in the syn conformation. The biradical species 

should be capable of rotation about the C-2/C-3 single bond 
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to give the anti conformation which may initiate copolymeri

zation in the absence of a radical inhibitor (Bartlett, 

Montgomery, and Seidel, 1964; Bartlett and Montgomery, 1964; 

Montgomery, Schueller, and Bartlett, 1964). 

The reactions of MTCC are very clean, however, with 

no trace of oligomer formation. While the anti conformation 

might be more stable in this instance (Rasoul, 1981), steric 

interaction between the S-substituents of the tetramethylene 

intermediate (the gem dimethyl effect) accelerates ring 

closure, such that collapse of the intermediate to the cyclo

butane occurs faster than rotation about the C-2/C-3 bond. 

In the reactions of TFMA with vinyl ethers, the 

effect of bulky S-substituents is manifested in determining 

whether a cyclobutane or cyclohexane adduct is formed. The 

reaction of TFMA with ethyl vinyl ether yields cyclobutane 

adduct 12. With S-substituted vinyl ethers such as cis and 

trans ethyl propenyl ether or dihydropyran, cyclohexane 

derivatives 13 and 14 are obtained. Although the gem 

dimethyl effect might be expected to give the opposite 

results, yielding cyclobutanes instead of cyclohexanes here, 

rapid ring closure to form the cyclobutane adduct is pre

vented in the reactions of S-substituted vinyl ethers by 

steric hindrance in the transition state leading to the 

cyclobutane. 
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Ordinarily, cyclohexane formation is obtained when 

the zwitterionic termini of the tetramethylene intermediate 

are abnormally well stabilized. In this case, cyclohexane 

formation results from steric interactions which prevent 

cyclobutane formation. A second molecule of the more rea.c-

tive monomer is added to the tetramethylene, giving a new 

zwitterion which immediately collapses to form the cyclo-

hexane. Polymer formation does not compete here because the 

tetramethylene intermediate remains locked in the syn confor-

mation, with addition of the second vinyl ether molecule 

followed by rapid ring closure. 

When sterically bulkly groups are introduced in the 

a-position of the tetramethylene intermediate, the result is 

an effect which works in the opposite direction of the gem 

dimethyl effect. Bulky a-substituents prolong the lifetime 
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of the tetramethylene by introducing steric repulsions 

between the two termini of the intermediate. This effect 

is best illustrated in the reaction of TFMA with p-methoxy

styrene to yield poly-p-methoxystyrene. 

) 

Steric interaction between the bulky trifluoromethyl 

group and aryl group prevents collapse of the tetramethylene 

intermediate to the cyclobutane adduct. Thus, the inter-

mediate survives long enough to add another molecule of the 

electron-rich monomer. Collapse of this six-carbon chain 

to the cyclohexane is still sterically prohibited, such that 

cationic polymerization is favored in this case. 

This result is quite dramatic when compared to the 

result obtained in the reaction of DTE with p-methoxystyrene. 

Electronically, the tetramethylene intermediates formed in 

both reactions are very similar. With DTE, the gem dimethyl 



effect accelerates ring closure to form the cyclobutane 

adduct; with TFMA the bulky a-substituents prevent ring 

closure and allow the tetramethylene to act as a cationic 

initiator. 

Reactions of TCMA: The Effect of Potential 
Leaving Groups on Reaction Mechanism 
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In the reactions of TCMA with electron-rich olefins, 

products resulting from cationic polymerization processes 

are obtained. Ethyl vinyl ether, dihydropyran, and p-methoxy-

styrene react with TCMA at room temperature to give telomers 

17 and 18 respectively, and poly-p-meth.oxystyrene. Free 

radical inhibitors did not have any effect on the reaction 

rate, or the nature of the products formed. Reaction of 

TCMA with p-methoxystyrene showed marked solvent effects. 

These results are surprising in view of the fact 

that both maleic anhydride and carbomethoxymaleic anhydride 

react with vinyl ethers to give copolymers via initiation 

by biradical tetramethylene intermediates (Kobuku, Iwatsuki, 

and Yamashita, 1968; Hall, Nogues, et al., 1982). The 

electronegativity of TCMA is expected to fall between that 

of these two olefins, such that 'in the absence of other 

factors TCMA should react to give copolymers as well. 

The necessary elements for the formation of ionic 

intermediates in the reactions of TCMA are supplied by the 

trichloromethyl group. Previous work by Hall and Ykman 

(1977) and Rasoul (1981) with ~-chloro substituted 
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electron-deficient ole fins indicates that the elimination 

of chloride ion from tetramethylene intermediates allows 

the formation of ionic intermediates in systems where bi

radical character is expected. TCMA is capable of the same 

processes. 

J ROUTE 1 CI- J 
CCl3 

) PItODUCT 

~ 

0:;0::0 
0 

RO\~E \ / 20 

.. 
.. CCl3 

::0 

It is not known whether 20 is formed as a result of 

reaction of the two ole fins with concerted elimination of 

chloride (route 1), or a two step process in which i:he tetra-· 

methylene is formed first (route 2). Although Bordwell and 

Mecca (1972) largely discredi·t the existence of an SN2 I 

mechanism (as in route 1), this system differs dramatically 

from those which have previously been studied. Route 1 may 

be considered a reasonable reaction pathway. 

The exact mechanism by which 20 is formed is not 

important, however. The significant point of this reaction 

is found in the fact that inductive effects of the a-CC1 3 
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chlorine atoms allow a transition from the expected biradical 

behavior to ionic behavior to occur. 

This mechanism explains the results obtained in the 

reactions of TCMA. Because T,CMA is sterically hindered and 

less electronegative than Rasoul's olefins, it is less effec-

tive as a cationic initiator. Chloride is not a good 

gegenion for cationic polymerization, a fact that is 

reflected in the low molecular weights of the new products 

formed. 

Reaction at room temperature was necessary in order 

for TCMA to function as an initiator; cationic polymeriza-

tion is favored by low temperatures. Thus, telomeric poly-

ethyl vinyl ether with a degree of polymerization of 4-5 is 

ob"tained in reactions with ethyl vinyl ether. Dihydropyran 

does not polymerize, such that 2:1 adduct 18 is formed. 

p-Methoxystyrene may be polymerized efficiently at room 

temperature, and gives oligomeric products. 

Styrene is not electron-rich or nucleophilic enough 

to react with TCMA except under bulk conditions at elevated 

temperatures. Chloride elimination does not occur under 

these conditions, and copolymer is obtained via a radical 

process. 

Aspects of Synthesis of 
Trichloromethylmaleic Anhydride 

In the synthesis of TCMA using Bowman's method, 

reaction of the diethyl l-hydroxy-l-trichloromethyl succinate 
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with P20S gives only low yields of TCMA, along with unidenti

fied olefinic side products. The reaction is heterogeneous, 

and occurs as a two step reaction in which anhydride forma

tion and dehydration to form the olefin occur separately. 

If the olefin is formed first, then isomerization to the 

fumarate derivative may occur at the elevated temperatures 

necessary for the reaction. In this case, subsequent forma

tion of the anhydride is impossible. Reaction in the 

reverse order leads to the formation of TCMA. 

In the reaction of the diethyl succinate derivative 

!, the alcohol functionality is the most acidic group, and 

is expected to react first with the P20
S 

to give the diethyl 

maleate derivative. Subsequent isomerization or polymeriza

tion may occur as side reactions. 

Hydrolysis of the diethyl succinate derivative to 

tbe acid/ester ~ yields a carboxylic acid functionality 

which is more acidic than the alcohol. Anhydride formation 

occurs first, followed by dehydration to give TCMA in higher 

yield. 

In support of this mechanism, adduct ~ (l-hydroxy

l-trichloromethylsuccinic anhydride) was isolated as a 

reaction intermediate only in the reactions of the acid/ 

ester ~ with P20 S • Distillation at higher pressures allowed 

more time for 2 to react further to form TCMA, and thus 

increased product yields. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

The reactions of trihalomethyl group substituted 

olefins with electron-rich olefins generally result in the 

formation of small molecule adducts, rather than polymeric 

products. Polymers are obtained only in a few instances, 

a result which is quite different from the case of normally 

substi tuted e·lectron-deficient olefins. 

While the formation of tetramethylene intermediates 

in these reactions proceeds according to the established 

"rules", steric bulk, introduced by the electron-poor 

olefin, influences the fate of the tetramethylene inter

mediate differently depending upon whether the sterically 

bulky group is introduced as an a- or S-substituent in the 

electron-deficient olefin. 

The effect of a bulky S-substituent is manifested 

as a gem dimethyl effect in the tetramethylene intermediate, 

accelerating ring closure to give cyclobutane adducts in 

the reactions of DTE and MTCC. Because of this effect, 

small molecule formation generally occurs too rapidly for 

the tetramethylene species to initiate polymerization in 

these systems. 
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Sterically bulky a-substituents act to prolong the 

lifetime of the tetramethylene intermediate by introducing 

steric repulsions between the two termini of the inter

mediate. Thus, the initiation of cationic polymerization 

is favored in the reactions of TFMA with p-methoxystyrene, 

and small molecule formation is not observed. 
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TCMA acts as a cationic initiator in reactions with 

electron-rich ol3fins. The initiating species in this case 

is not a tetramethylene intermediate as before, but a 

cationic species resulting from chloride elimination from 

the tetL~~ethylene intermediate. Such reactions are already 

known in the reactions of S-halo substituted electron

deficient olefins. 

In the reactions of ester substituted electron

deficient olefins such as MTCC, concerted [4+2J cycloaddition 

to give dihydropyran derivatives competes with the stepwise 

reaction to yield cyclobutane adducts. The observed transi

tion from the favored concerted mechanism to the stepwise 

reaction pathway occurs as a result of steric hindrance in 

the transition state of the [4+2J cycloaddition, steric 

hindrance which is introduced-by bulky S-substituents in 

the electron-deficient olefin. 



CHAPTER 5 

EXPERIMENTAL 

Reagents 

All reagents used were commercially available. Both 

chloral and malonitrile (Aldrich) were dried over P20
5 

and 

fractionally distilled with a 15 cm Vigreux column prior to 

use. All other reagents were used as received unless other

wise noted. 

a-Trifluoromethylmaleic anhydride was obtained from 

DuPont and used as received. 

Cis and trans propenyl ether were purchased from 

Fluka as a 60/40 mixture and separated by spinning band 

column distillation. Styrene and p-methoxystyrene (Aldrich) 

were distilled from CaH 2 and stored under argon at -10°C. 

Ethyl vinyl ether and trans anethole (Aldrich) were used as 

received. 

Solvents 

All solvents used were reagent grade and commercially 

available. NMR solvents were purchased from Norell, Inc. 

Benzene was distilled from Na prior to use. All chemical 

shifts are given relative to TMS, 0 0.0 (ppm). Anhydrous 

ethyl ether was purchased from J. T. Baker, Inc. and used 

without further preparation. 
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Instrumentation 

The NMR spectra were recorded using both Varian T60 

and EM360 spectrometers. IR spectra were recorded using a 

Perkin-Elmer 7l0A spectrophotometer. Mass spectra were 

recorded using a Varian 3llA mass spectrometer by the 

University Analytical Center (University of Arizona). 

Boiling and melting points are uncorrected. Melting 

points were measured using Thomas-Hoover apparatus. 

Inherent viscosities were measured using an 

Ostwald-Fenske viscometer. 

Elemental analyses were performed by the University 

Analytical Center (Tucson, Arizona); Micanal (Tucson, 

Arizona); and Atlanta Microlab, Inc. (Atlanta, Georgia). 

Synthesis of Electron-Deficient Olefins 

Dimethyl 2-Trichloromethylethylene
l,l-dicarboxylate 

In a modification of the procedure used by Auwers 

and Schmidt (1913), freshly distilled chloral (26.8 g, 

0.2 mol), 19.8 g (0.15 mol) dimethyl malonate, 15.4 g (0.15 

mol) acetic anhydride, and 0.73 g (7.5 x 10-3 mol) potassium 

acetate were heated for 24 h at 55°C. Unreacted acetic 

anhydride and chloral were removed with heating under 

aspirator vacuum. Multiple extractions with diethyl ether, 

followed by removal of solvent under aspirator vaccum yielded 

a light brown solid. Recrystallization from ethyl acetate/ 



pentane gave 24.2 g (0.093 mol, 62%) pure product, a crys

talline solid (m.p. 62-63°C). 

lH NMR (CDC1
3

)-: 3.9 (s, 6H), 7.25 (s, lH). 

IR (KBr): 

750, 720 

2950, 1720, 1610, 1430, 1230, 1100, 900, 840, 

-1 
cm Anal. Calc'd. for C7H7C1

3
0

4
: C, 32.15; 

H, 2.70. Found: C, 32.40; H, 2.48. 

1,1-Dicyano-2-trichloro
methylethylene (DTE) 
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Freshly distilled chloral (4.17 g, 0.3 mol), 5.0 g 

(0.75 mol) malonitrile, 3.0 g acetic acid, 0.72 g S-alanine, 

and 75 ml benzene were refluxed using a Dean-Stark trap for 

24 h. Upon cooling, the liquid fraction was decanted, and 

the benzene was stripped off under aspirator vacuum using a 

rotary evaporator. The liquid obtained was distilled under 

vacuum, and then fractionally distilled using a 15 cm Vigreux 

column. 7.9 g of product (0.04 mol, 54%) was collected at 

77°C (0.08 torr). Sublimation at 25°C (0.07 torr) gave pure 

product (m.p. 48-49°C). 

lH NMR (CDC1
3
): 7.5 (s, lH). IR (KBr): 3040, 2240, 

1610, 1130, 900, 840, 730. Anal. Calc'd. for C5HC1 3N2 : 

C, 30.73; H, 0.52; Cl, 54.42. Found: C, 30.27; H, 0.49; 

Cl, 55.30. 

Methyl 4,4,4-Trichloro-
2-cyanocrotonate (MTCC) 

Freshly distilled chloral (40.2 g, 0.27 mol), 22.3 g 

(.0.23 mol) methyl cyanoacetate, 4.5 g glacial acetic acid, 
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0.68 g B-alanine, and 60 ml benzene were refluxed using a 

Dean-Stark trap for 24 h. The benzene was removed under 

aspirator vacuum using a rotary evaporator, and the remain-

ing solution vacuum distilled. MTCC was collected at 73-75°C 

(0.07 torr). The crystalline solid (m.p. 39°C) was redis

tilled to give 27.2 9 (0.12 mol, 5l%) pure product. 

lH NMR (CDC1 3): 3.95 (s, 3H), 7.9 (s, lH). 

IR (KBr): 3050, 2245, 1710, 1610, 1440, 1340 em-I. Anal. 

Calc'd. for C6H4C1 3N02 : C, 31.54; H, 1.76; N, 6.13. Found: 

C, 31.49; H, 1.63; N, 6.13. 

a-Trifluoromethylmaleic Anhydride (TFMA) 

TFMA was obtained from DuPont, and used as received. 

Straightforward synthesis of this material is available by 

the procedure of England (1982). 

a-Trichloromethylmaleic Anhydride (TCMA) 

TCMA was prepared from a-trichloromaleic acid, 

prepared by the method of Bowman, Closier, and Islip (1964). 

Diethyl-l-bromo-2-trichloromethyl succinate. Using 

the procedure of Bowman et al. (1964), diethyl maleate 

(20.0 g, 0.12 mol), bromotrichloromethane (92.1 g, 0.46 mol), 

and 0.12 g benzoyl peroxide were refluxed for 6 h. Addi

tional benzoyl peroxide (0.12 g) was added after one hour, 

and again after two hours. Excess bromotrichloromethane 

was removed by distillation under aspirator vacuum. 
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Redistillation gave 17.82 g (0.05 mol, 41.5%) pure diethyl-

I-bromo-2-trichloromethyl succinate at 85°C (0.1 torr). 

IH NMR (CDC1 3): 1.3 (t, 6H), 4.1-4.9 (m, 6H). 

Anal. Calc'd for C9H12BrC1304: C, 29.6; H, 3.1. Found: 

C, 29.37; H, 3.28. 

a-Trichloromethylmaleic acid. Diethyl-l-bromo-

2-trichloromethylmaleic succinate (10 g, 0.03 mol) and 100 

ml concentrated hydrochloric acid were refluxed for 48 h, 

with HCl gas bubbled through the solution for 10 minutes 

every two hours. Upon cooling, the solution was extracted 

repeatedly with diethyl ether. The ether fractions were 

combined and dried over CaC1 2 . Ether was removed under 

aspirator vacuum giving crude a-trichloromethylmaleic acid 

which was recrystallized from benzene/ethyl acetate to give 

5.0 g (0.022 mol, 73%) pure product (m.p. 154°C). 

lH NMR (CDC1 3): 5.8 (s, lH), 7.4 (s, 2H). IR (KBr): 

2800 (broad), 1700 (broad), 1560, 1440, 1260, 900, 780 cm- l 

Anal. Calc'd for C5H3C1 30 3 : C, 25.73; H, 1.30. Found: 

C, 25.66; H, 1.33. 

a-Trichloromethylmaleic anhydride. a-Trichloro-

methylmaleic acid (5.0 g, 0.022 mol) and 11.6 g (0.092 mol) 

of oxalyl chloride were mixed in a stirred flask equipped 

with a reflux condenser. Addition of 2 drops of dimethyl 

formamide initiated reaction which was allowed to proceed 

for 3 h at 25°C. Excess oxalyl chloride was then removed 

under aspirator vacuum. The crude mixture was twice 
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distilled usin9 Kugelrohr distillation apparatus at l20-l30°C 

(0.1 torr), yielding 3.7 g (0.017 mol, 79%) pure product. 

lH NMR (CDC1 3 ): 5.3 (Sf lH). IR (neat): 2980, 

1850, 1790, 1610, 1230, 1030, 960, 760, 720. Anal. Calc'd 

for C5HC1 30 3 : C, 27.0; H, 0.47. Found: C, 26.90; H, 0.45. 

General Reaction Procedures 

Solution Reactions 

Solution reactions were generally run on a one 

millimole scale in deuterated solvents in 5 rom NMR tubes 

equipped with septums. Reaction progress was monitored 

continuously by NMR. If necessary, heating was carried out 

in a 'thermostatted oil bath. 

Bulk Reactions and Polymerizations 

Both bulk reactions and polymerizations were con-

ducted using 10 ml pyrex reaction tubes equipped with a side 

arm and teflon vacuum cap. For bulk reactions all reagents 

were introduced along with a magnetic stir bar: the tube was 

then flushed with argon and sealed. 

For polymerizations ,the reagents were in'troduced as 

before. The tube was then placed in dry ice/acetone at -78°C. 

The frozen or viscous mixture was placed under full vacuum 

for 3 minutes, and then slowly thawed as argon was intro-

duced into the tube. This cycle was then repeated, and the 

tube refilled with argon at 1 atmosphere. The tube was 
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sealed and placed in a thermostatted oil bath at the desired 

temperature. 

Isolation of polymers was achieved by precipitation 

of the polymer from a solvent (if the reaction was carried 

out in bulk, chloroform was added to dissolve the polymer) 

into a large excess of a non-solvent. This procedure was 

usually repeated in order to give pure polymer. 

Products from Reactions of DTE 

l-Ethoxy-2,2-dicyano-3-
trichloromethylcyclobutane 4 

A mixture of 0.195 g (1 rnrnol) DTE, 0.12 ml (1 rnrnol) 

ethyl vinyl ether, and 0.5 ml CDC1 3 in an NMR tube was left 

at 25°C for 3 h. One hundred percent conversion of monomer 

to products was confirmed by NMR. Solvent was removed under 

aspirator vacuum. Kugelrohr distillation above 90°C (0.1 

torr) yielded the pure product as an oil. 

IH NMR (CDC1 3): 1.35 (t, 3H), 2.85 (m, 2H), 3.4-4.0 

(m, 3H), 4.35 (dd, J cis = Jtrans = 6.8 Hz, ~H), 4.65 (dd, 

J cis = Jtrans 6.8 Hz, ~H). IR (neat): 2930,2250,1450, 

1140, 780 em-I. Anal. Calc'd. for C9H
9

C1
3

N
2
0: C, 40.40; 

H, 3. 39; N, 10. 47. Found: C, 40. 3 2 ~ H, 3.15; N, 10. 50. 

l-Ethoxy-2,2-dicyano-3-
trichloro-4-methylcyclobutane 5 

A mixture of 0.195 g (1 rnrnol) DTE, 0.11 ml (1 rnrnol) 

cis ethyl propenyl ether, and 0.5 ml CDC1 3 in an NRM tube 
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was left for 3 h at 25°C. One hundred percent reaction was 

confirmed by NMR. Solvent was removed from under aspirator 

vacuum. The residue was distilled using Kugelrohr apparatus 

at 0.07 torr to give the,product as an oil. 

lH NMR' (CDC1 3 ): 1.4 (m, 6H), 3.2 (m, lH), 3.5-4.0 

(m, 3H), 4.55 Cd, 8 Hz, lH). IR (neat): 2930, 2250, 1450, 

-1 
1340, 1180, 790 cm • Anal. Calc'd. for ClOHllC13N20: 

C, 42.66; H, 3.94; N, 9.95. Found: C, 40.72~ H, 3.89; 

N, 10.01. 

Reaction of DTE with trans ethyl propenyl ether 

yielded a product which was identical to that obtained above, 

as confirmed by NMR spectra. The products was not isolated. 

1-(p-Methoxyphenyl)-2,2-dicyano-
3-trichloromethylcyclobutane ~ 

A mixture of DTE (0.195 g, 1 romol), 0.13 ml (1 romol) 

p-methoxystyrene, and 0.5 ml CDC1 3 in an NMR tube was left 

at 25°C for 48 h. Solvent was removed under aspirator 

vacuum, giving impure product. Recrystallation from ethyl 

acetate/pentane yielded a white powder (m.p. 75-90°C, 

decomposed). 

lH NMR (CDCl
3
): 2.95 (t, 2H), 3.8 (s, 3H), 3.94-4.1 

(ro, lH), 4.4 (dd, J cis = J trans = 8.0 Hz, lH), 7.1 (q, 4H). 

IR (KBr): 2940, 2260, 1620, 1430, 1370, 1200, 1100, 940, 

-1 
800 cm . Anal. Calc'd. for C14CllC13N20: C, 51.02; H, 

3.36; N, 8.50. Found: C, 52.64; H, 3,43; N, 7.97. 



Products from Reactions of MTCC 

Methyl l-Ethoxy-2-cyano-3-trichloro
methylcyclobutane-2-carboxylate and 
2-Ethoxy-4-trichloromethyl-5-cyano-
6-methoxy-3,4-dihydro-2H-pyran 7 and 8 
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A mixture of 0.23 g (1 mmol) MTCC, 0.10 ml (1 romol) 

ethyl vinyl ether, and 1.0 ml CDC1 3 in an NMR tube was left 

at 25°C for 3 h. The chloroform was removed under aspirator 

vacuum. The remaining residue was then recrystallized from 

diethyl ether at -50°C. Crystalline pyran (m.p. l12-ll4°C) 

was isolated by filtration. Evaporation of the solvent from 

the filtrate yielded cyclobutane as an oil. The reaction was 

determined to have gone to 100% completion by NMR spectra, 

with 40% pyran and 60% cyclobutane produced. 

lH NMR of pyran (CDC1 3 ) : 1.3 (t, 3H) , 2.2-2.8 (m, 

2H) , 3.7 (m, 3H) , 3.95 (s, 3H) , 5.23 (dd, . 10.0, 2.4 Hz, lH) • 

lH NMR of cyclobutane (CDC1 3): 1.2 tt, 3H), 2.5-2.8 (m, 2H), 

3.4-3.9 (m, 2H), 3.95 (s, 3H), 4.2 (m, lH), 4.67 (dd, J cis = 

J
t 

= 8.4 Hz, lH). IR (KBr) for pyran: 2975, 2200, 1600, rans 

1455, 1370 cm-l. IR (neat) for cyclobutane: 2990, 2260, 

1740, 1440, 1240, 910, 730 cm-l. Anal. Calc'd. for 

ClOH12C13N03 (pyran): C, 39.96; H, 4.02; N, 4.66. Found: 

C, 39.79; H, 3.83; N, 4.64. 



Methyl l-Ethoxy-2-cyano-3-trichloromethyl-
4-methylcyclobutane-2-carboxylate and 
2-Ethoxy-3-methyl-4-trichloromethyl-5-cyano-
6-methoxy-3,4-dihydro-2H-pyran 9 and 10, 11 
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A mixture of 0.23 g (l mmol) MTCC, 0.11 ml (I mmol) 

cis ethyl propenyl ether, and 1.0 ml CDC1 3 in an NMR tube 

was left at 25°C for 3 h. The chloroform was removed under 

aspirator vacuum. Recrystallization of the residue from 

diethyl ether at -50°C yielded white crystals of pyran (32% 

by NMR). Evaporation of the ether from the filtrate gave an 

oil (cyclobutane, 68% by NMR). 

IH NMR of pyran (CDC1
3
): 1.3 (m, 6H), 2.7 (m, IH), 

3.1 tm, IH), 3.8 (ro, 2H), 3.95 (s, 3H), 5.13 (d, 2.1 Hz, l>:zH), 

5.22 (d, 1. 3 Hz, l>:zH). IH NMR of cyclobutane (CDC1 3): 1. 3 

Cm, 6H), 3.0-3.4 (m, IH), 3.7 (d, IH), 3.95 (s, 3H), 3.9--4.1 

(q, 2H), 4.53 Cd, 8.8 Hz, IH). IR (KBr) for pyrans: 2975, 

-1 
2200, 1600, 1455, 1370 cm • IR (neat) for cyclobutane: 

2290, 2250, 1740, 1605, 1440 cm- l Anal. Calc'd. for 

CIIH14C13N03 (cyclobutane): C, 41.99; H, 4.49; N, 4.45. 

Found: C, 42.03; H, 4.33; N, 4.42. The mixture of pyrans 

was unstable and was not analyzed. 

Methyl l-Isobutoxy-2-cyano-3-trichloro
methylcyclobutane-2-carboxylate and 
2-Isobutoxy-4-trichloromethyl-5-cyano-
6-methoxy-3,4-dihydro-2H-pyran 

A mixture of 0.23 g (I mmol) MTCC, 0.14 ml (I mmol) 

isobutyl vinyl ether, and 0.5 ml of the desired solvent 



25°C for 3 h. One hundred percent conversion to products 

was confirmed by NMR. Ratios of dihydropyran and cyclo-

butane were determined by NMR; the products were not iso-

lated. Results are given in Table 2 of Chapter 2. 

1 H NMR (CDC1 3 ) of pyran: acetal proton 0 5.1 (dd, 

2.4, 9.6 Hz, lH). lH NMR (CDCl~) of cyclobutane: C-l 
..) 

proton 0 4.6 (dd, J cis = J trans = 8.4 Hz, lH). 

2-Ethoxy-3-methyl-4-trichloromethyl-
5-cyano-6-methoxy-3,4-dihydro-2H-pyran 
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A mixture of 0.23 g (1 romol) MTCC, 0.11 ml (1 romol) 

trans ethyl propenyl ether, and 0.5 ml CDC1 3 in an NMR tube 

was left at 25°C for 3 h. The chloroform was removed under 

aspirator vacuum. Recrystallization of the residue from 

diethyl ether at -50°C yielded white crystals of pyran, 

100% by NMR (m.p. 95-l06°C, decomposed). 

lH NMR (CDC13 ): 1.3 (m, 6H), 2.7 (m, lH), 3.7 (m! 

3H), 3.95 Cs, 3H}, 5.15 (d, 2.1 Hz, lH). IR (KBr): 2960, 

220.5, 1600, 1465, 1375, 1320, 1290, 1160 cm -1 Anal. Calc' d. 

for CllH14C13N03: C, 4l.99i H, 4.49; N, 4.45. Found: 

C, 41.63; H, 4.20; N, 4.29. 

2- (p-Methoxyphenyl) -4-t~'ichloromethyl-
5-cyano-6-methoxy-3,4-dihydro-2H-pyran 

A mixture of 0.23 g (1 romol) MTCC, 0.13 g (1 romol) 

p-methoxystyrene, and 1. 0 ml CDC1 3 in an NMR tube were left 

for 48 h at 25°C. Formation of pyran was confirmed by NMR 

spectra. However, the adduct was too unstable to isolate. 



IH NMR (CDCl): 2.0-3.0 (m, 2H), 3.8-4.0 (m, IH), 

3.9 (s, 6H), 5.1 (dd, IH), 7.2 (q, 4H). 

2-Phenyl-4-trichloromethyl-
5-cyano-3,4-dihydro-2H-pyran 

A mixture of 0.23 g (1 mmol) , 0.12 ml (1 mmol) 

styrene, and 1.0 ml CDC1 3 in an NMR tube was heated for 

48 h at 55°C. Formation of pyran was confirmed by NMR 

spectra: however, the adduct was too unstable to isolate. 

IH NMR (CDC1 3): 2.0-3.0 (m, 2H), 3.8-4.0 (m, IH), 

3.9 (s, 3H), 5.1 (dd, IH), 7.3 (s, 5H). 

Products from Reactions of TFMA 

l-Ethoxy-2-trichloromethylcyclobutane-
2,3-dicarboxyalic Anhydride 12 
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TFMA (0.07 ml, 1 mmol) and 0.5 ml CDC1 3 were cooled 

to -20°C in an NMR tube. Ethyl vinyl ether (0.24 ml, 2 mmol) 

was introduced and the reaction was allowed to warm slowly 

to 25°C over a period of 1 h. Reaction was observed to be 

100% complete by NMR spectra. Solvent and excess vinyl 

ether were removed under aspirator vacuum. Kugelrohr dis-

tillation at 95°C (0.07 torr) gave pure product as an oil. 

IH NMR (CDC1
3

1: 1.25 (t, 3H), 2.7-3.0 (m, 2H), 3.4-

4.0 (m, 3H), 4.5 (dd, J cis = Jtrans = 8.0 Hz, IH). IR 

-1 
(neat): 2990, 1870, 1795, 1390, 1275, 1200, 940, 740 cm . 

Anal. Calc'd. for CgH9F304: C, 45.39; H, 3.81. Found: 

C, 45.41; H, 3.70. 



1,S-Diethyoxy-2-trifluoromethyl-
4,6-dimethylcyclohexane-
2,3-dicarboxylic Anhydride 13 
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A mixture of TFMA (0.07 ml, 1 romol) , 0.30 ml (2 romol) 

trans ethyl propenyl ether, and 1.0 ml CDC1
3 

in an NMR tube 

at 2SoC was allowed to stand for 8 h. Reaction was verified 

to be complete by NMR spectra. Solvent was removed under 

aspirator vacuum. Kugelrohr distillation (0.07 torr) of the 

crude product yielded an oil. 

IH NMR (CDC1 3 ): 1.3 (m, 12H) , 2.7 (m, 2H), 3.6 (m, 

4H), 4.3 (m, 2H), 5.1 (Sf IH). IR (neat): 2990, 1795, 1740, 

1460, 1380, 1160, 940 cm- l Anal. Calc'd. for C15H21F305: 

C, 53.25; H, 6.26. Found: C, SO.S4J H, 5.77. 

Reaction of TF~ with cis ethyl propenyl ether at 

O°C yielded a product which was not isolated. By NMR and IR 

spectra the product was identical to that formed in the reac-

tion of TFMA with the cis ethyl propenyl ether, with accom-

panying oligomer formation. 

IH NMR (CDC1
3
): 1.3 (m, 12H), 2.7 (m, 2H), 3.6 (m, 

SH), 4.4 em, IH), S.l (m, ~H), S.4 (m, ~H). IR (neat): 

2990, 1795, 1745, 1460, 1160, 1120, 950 cm- l • 

2:1 Adduct of TFMA and Dihydropuran 14 

A mixture of TFMA (0.07 ml, 1 romol), 0.18 ml (2 romol) 

dihydropuran, and 0.5 ml CDC1 3 in an NMR tube at 25°C was 

allowed to react for 24 h. Reaction was verified to be com-

plete by NMR. Solvent was removed under aspirator vacuum 
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leaving a solid residue which was recrystallized from hexane/ 

ethyl acetate to give a white powder (m.p/ 99-100°C, 

decomposed) . 

IH NMR (CDC1 3 )-: 1.0-3.0 (broad m, 10H), 3.3 (d, 

5.5 Hz, IH), 3.2-4.4 (broad m, 4H), 4.6 (d, 7.5 Hz, IH), 

5.6 C.d, 4 Hz, IH). 

1160, 950 cm- l 

IR (KBr): 2950, 1795, 1750, 1460, 1250, 

Anal. Calc'd. for C15H17F305: 

H, 5.13. Found: C, 55.05; H, 5.46. 

Poly-p-methoxystyrene from TFMA 
and p-Methoxystyrene 

C, 53.89; 

A mixture of TFMA (0.1 ml, 1.48 mmol), 0.19 ml (1.48 

mmol) p-methoxystyrene, and 0.5 ml CDC1 3 in an NMR tube was 

allowed to react at 25°C for 2 h (100% conversion to polymer)., 

The polymer was twice precipitated into methanol and dried 

under vacuum for 4 h. 

IR (KBr): 2930, 1780 (small ester peak), 1600, 1500, 

1240, 1180, 1040, 820 cm- l • 

1,12-Bis(trifluoromethyl)-3-methyl-
7-methoxy-l,2,3,5,8-hexahydro-5,8-
ethanonaphthalene-l,2,11,12-tetra
carboxylic Dianhydride 15 

A mixture of TFMA (0.14 mmol, 2 mmol) and 0.148 ml 

(1 mmol) trans anethole in 1.0 ml diethyl ether in a vial 

were allowed to stand at 25°C for 10 days. Reaction was 

observed to give 100% product by NMR. Upon filtration a 

white powder was obtained which was washed several times 

with ether, giving pure product (m.p. 233°C). 
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IH NMR (CDC1 3): l.6 (d, 3H), 2.5 (m, 2H), 3.5-4.0 

(m, 7H), 5.0 (dd, IH) r 5.9 (m, IH). IR (KBr): 2910, 1850, 

1790, 1620, 940, 900, 760 cm- l Mass Spectrum (relative 

intensity): mle 461 (M-19, 1), 314 (16),286 (100),241 

(92),148 (81),69 (54),53 (97). Anal. Calc'd. for 

1:1 Copolymer from TFMA and Styrene 16 

A mixture of TFMA (0.07 ml, 1 mrnol) and 0.12 ml 

Cl mrnol} styrene in a roundbottom flask equipped with a 

septum and magnetic stir was degassed using a freeze-thaw 

cycle and placed under argon. The flask was heated to 55°C 

for 3 h. The viscous residue was dissolved in CHC1 3 and 

twice precipitated from pentane, yielding a white powder 

-1 (100% yield by NMR). ninh < 0.03 g dl . IR (KBr): 3040, 

3000, 1860, 1790, 1600, 1500, 1455, 1180, 960, 760, 710 cm-l 

Anal. Calc'd. for 1:1 copolymer ~C13H9F303~n: C, 57.79; 

H, 3.36. Found: C, 59.23; H, 3.56. 

A mixture of TFMA (0.07 ml, 1 mmol), 0.12 ml (1 mrnol) 

styrene, 3 mg AIBN, and l.0 ml benzene in a pyrex polymeriza

tion tube was degassed and placed under argon. The tube was 

heated to 60°C for 24 h. The polymer was twice precipitated 

from hexane yielding pure copolymer (100% conversion). 

n. h = 0.08 g dl- l . IR (KBr): 3040, 1860, 1790, 1600, 1500, 
ln 

-1 1180, 960, 710 cm Anal. Calc'd. for 1:1 copolymer 



Products from Reactions of TCMA 

1:4 Adduct of TCMA and 
Ethyl Vinyl Ether 17 

A mixture of TCMA (0.08 ml, 1 mmol) and 0.5 ml 
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CDC1 3 was cooled to 5°C. Ethyl vinyl ether (0.12 ml, 1 mmol) 

was added and the mixture was allowed to warm slowly to 25°C 

over a 2 h period. The product was precipitated from pentane 

as a brown powder (100% consumption of vinyl ether observed 

by NMR) . 

lH NMR (CDC1 3): 1.3 (broad m), 3.5 (broad m), 4.3 

(q), 5.6 (s). IR (KBr): 2900, 1850, 1750, 1590, 1410 I 1350, 

-1 
1100-1250 (broad) cm Anal. Calc'd. for C2lH33C1307 (1:4 

adduct): C, 50.2; H, 6.6; Cl, 20.9. Found: C, 50.18, 

H, 5.15; Cl , 23.42. 

Reaction of TCMA with ethyl vinyl ether (as above) 

in the presence of 3-t-butyl-4-hydroxy-5-methylphenyl sul-

fide (1 mole % relative to TCMA) gave identical results as 

above, as determined by NMR and IR spectra. 

1:2 Adduct of TCMA and 
Dihydropyran 18 

A mixture of TCMA (0.08 ml, 1 mmol), 0.09 ml (1 mmol) 

dihydropyran, and 1.0 ml CDC1 3 in an NMR tube was allowed to 

stand at 25°C for 12 h. Upon confirmation of 100% conversion 

to product by NMR, the product was precipitated from pentane 

as a brown powder. 



IH NMR (CDC1 3 ): 0.8-2.6 (m, broad), 3.2-4.6 (m, 

broad), 5.6 (m, broad). IR (KBr): 2920, 1850, 1700-1780 

(broad), 1550-1610 (broad), 1220 cm-1 • Anal. Calc'd. for 

ClSH17C130S (1:2 adduct): C, 47.1; H, 4.5; Cl, 27.5. 

Found: C, 46.03; H, 4.72; Cl, 25.82. 

Poly-p-methoxystyrene from TCMA 
and p-Methoxystyrene 

In separate reactions, to an NMR tube containing 

0.5 ml of CD2C1 2 (d-benzene) was added a mixture of TCMA 

(0.08 ml, 1 romol) and 0.14 ml (1 romol) p-methoxystyrene. 

The mixture was allowed to stand at 25°C for 24 h, with 
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reaction monitored continuously by NMR. Polymer formed from 

reaction in CD2C1 2 was twice precipitated from methanol. 

Re'action in d-benzene yielded only starting materials. 

IR (KBr): 2900, 1760 (ester, weak), 1600, 

-1 1240, 1170, 1030, 820 cm • Anal. Calc'd. for C9HlO O (homo-

polymer): C, 80.59; H, 7.46; Cl, 0.0. Found: C, 79.25; 

H, 7.19; Cl, 0.95. 

Reaction of TCMA and p-methoxystyrene in the pres-

ence of a radical inhibitor (3-t-butyl-4-hydroxy-S-methyl-

phenyl sulfide, 0.004 g, 1 mole % relative to TCMA) was 

conducted using the above procedure for CD2C1 2 . As above, 

100% conversion to poly-p-methoxystyrene was obtained as 

shown by NMR and IR spectra. 

Reaction of equimolar amounts of TCMA and p-methoxy-

styrene in benzene (1 M) at 60°C for 24 h produced polymer 



when the mixture was precipitated into methanol as above. 

IR and NMR spectra were again the same as above. Anal. 

Found: C , 79.76; H, 7.45. 

Attempted free radical polymerization of TCMA and 

p-methoxystyrene (1 mmol each in benzene, 1 ~) with AIBN 

(4 mg) under Ar at 60°C for 24 h yielded polymer which was 

isolated as before. IR and NMR spectra were the same as 

above. Anal. Found: C, 77.90; H, 7.27; Cl, 1.42. 

1:2.5 Copolymer from TCMA 
and Styrene 19 

A mixture of TCMA (0.2 ml, 1.25 romol) and 0.24 ml 

(1.25 romol) styrene in a pyrex polymerization tube was 

degassed and placed under argon. The tube was heated to 
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80°C for 12 h. The solid residue was dissolved in CDC1 3 for 

NMR determination of conversion (> 90%). The polymer was 

then twice precipitated from pentane to yield pure product. 

700 
-1 

em 

IR (KBr): 3010, 1850, 1780, 1600, 1230, 960, 740, 

c, 63.3; 

H, 4.4; Cl, 22.2. Found: C, 63.55; H, 4.39; Cl , 21.92. 

Attempted free radical polymerization of equimolar 

amounts of TCMA and styrene (1 romol each) in benzene (1 M) 

with AIBN (1 mole %) under argon at 60°C for 24 h did not 

yield any polymer when precipitated into pentane. Only 

starting materials and very low molecular weight oligomer 

was identified by NMR; nothing was isolated. 
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Other Products 

a-Trichloromethylmaleic Anhydride 

Synthesis of TCMA using Bowman et al.'s (1964) pro

cedure was not useful for producing practical quantities of 

monomer. However, it is presented here for completeness. 

Ethyl trichloropyruvate. A mixture of 2,2-dihydroxy-

3,3,3-trichloropropionic acid (60 g, 0.29 mol) and 600 ml 

benzene was refluxed in a flask equipped with a Dean-Stark 

trap for 4 h. The solution was cooled and 40 ml (0.24 mol) 

triethyl borate added. This mixture was then refluxed for 

12 h. The benzene was removed under aspirator vacuum using 

a rotary evaporator. The remaining solution was distilled 

under aspirator vacuum at 97-98°C (80 torr) to give 46 g 

(0.21 mol, 73%) pure product. 

Diethyl l-hydroxy-l-trichloromethylsuccinate 1. 

A dry flask equipped with a magnetic stir was charged with 

16.2 g (0.25 mol) granular zinc, 500 ml dry benzene, and a 

trace of I 2 . The mixture was heated to reflux. Over a 

period of 3 h a mixture of 21.2 ml (0.19 mol) ethyl bromo

acetate, 50.0 g (0.23 mol) ethyl trichloropyruvate, and 

200 ml benzene was added dropwise. Reflux was continued 

until all of the zinc was reacted. To the cooled solution 

210 ml of 1 M HCl was slowly added. The organic layer was 

separated and solvent removed under aspirator vacuum using 

a rotary evaporator. The resulting liquid was flash 



distilled under vacuum, and then redistilled using a 15 em 

Vigreux colmnn. Pure product (27.3 g, 0.087 mol, 46%) \V'as 

obtained at 98-108°C (0.1-0.2 torr). 

Anal. CalcJd. for C9H13C130S: C, 35.15; H, 4.26. 

Found: C, 35.09; H, 4.08. 

Ethyl I-hydroxy-l-trichloromethylsuccinate 3. 

Diethyl I-hydroxy-l-trichloromethylsuccinate (8.3 g, 0.026 

mol) and 100 ml concentrated HCl \.,ere refluxed for 24 h. 

The cooled mixture was stirred under aspirator vacuum for 

1 h and then filtered to give a white, crystalline solid. 

Drying over P20 S for 24 h gave 6.4 g (0.023 mol, 88%) pure 

product. 
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a-Trichloromethylmaleic anhydride. Ethyl I-hydroxy-

I-trichloromethylsuccinate (4.0 g, 0.014 mol) and 5.0 g 

(0.035 mol) P20 S were heated in a stoppered flask to 180-

200°C for 2.5 h. The solid residue was allowed to cool to 

25°C. Slow Kugelrohr distillation at 80-140°C (10 torr) 

gave 1.0 g of a product mixture (60% TCMA by NMR). The TCMA 

was not isolated. 

Kugelrohr distillation at 80-140 o C (0.1 torr) gave 

a different product, I-hydroxy-l-trichloromethylsuccinic 

anhydride as a white solid, in addition to TCMA. 

lH NMR ld6-acetone): 3.1 (s, lH), 4.0 (s, 2H). 

I R CKB r): 3450, 39 50, 1870, 1790, 1740, 1400, 12 80, 100 0 , 

-1 840, 810 cm • Mass spectrum (relative intensity): m/e 

233 (M+2, 1), 231 (11, 215 (M-H20, 3), 189 (27), 87 (100). 
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Anal. Calc'd. for C5H3C1 30 4 : C, 25.7; H, 1.3. Found: 

C, 25.52; H, 1.02. 



APPENDIX A 

EXPLORATORY STUDIES OF ION-RADICAL 
PROPAGATION AND CHAIN TRANSFER IN 

POLYMERIZATION PROCESSES: INTRODUCTION 

Although the study of ion-radicals is a topic of 

great interest in organic chemistry, it has largely been 

ignored in the field of polymer chemistry. The bulk of 

existing work deals predominantly with ion radicals as 

initiating species in vinyl polymerization (Odian, 1981). 

The role of ion radicals in the chain propagation step and 

in chain transfer remains relatively unexplored. 

Two exploratory studies were conducted in order to 

investigate the possible involvement of ion-radical species 

in these areas. The first study attempts to demonstrate the 

acid catalyzed free radical polymerization of imines; a 

nitrogen centered cation radical provides the propagating 

species. The second study examines the stability of 

zwitterion-radicals generated via classical chain transfer 

techniques from Lewis acid complexed ketones and aldehydes. 

The background and rationale behind both of these projects 

will be presented in this section. 

Acid Catalyzed Free Radical Polymerization 

The polymerization of vinyl monomers is normally 

accomplished via ionic, free radical, or Ziegler-Natta 
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polymerization mechanisms. There are relatively few 

instances where these techniques have been applied to the 

polymerization of imines, however. Bailey (1968) reported 

the spontaneous polymerization of methylenimines, probably 

resulting from a cationic mechanism. Ferruti (1974) 
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claimed to have copolymerized various aliphatic aldimines 

with acrylonitrile, but this work has since proven to be 

irreproducible. Furukawa (1980) claimed to have synthesized 

1;1 alternating copolymers with similar monomers in the 

presence of Lewis acids, but has not reported further on 

this topic since his initial communication. A case in which 

imines are conclusively polymerized via a free radical 

mechanism has not yet been demonstrated. 

In an earlier communication, Hall (1980) proposed 

the possibility of an acid catalyzed free radical polymeriza

tion for carbonyl compounds. This mechanism naturally sug

gested itself in the polymerization of imines. The proposed 

mechanism for this process is presented in Scheme 1. 

In this scheme, step (1) involves activation of the 

unreactive imine through proton at ion by a strong protic acid, 

thus creating an electrophilic species. Whereas the imine 

itself is not subject to free radical addition, the activated 

imine may undergo attack by a nucleophilic free radical in 

step (2) to generate a nitrogen centered cation radical. 

This new electrophile exists in an equilibrium with the 

unprotonated amino radical shown in step (3), the amino 
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Scheme 1 

radical being the nucleophilic species required in step (2). 

Thus, propagation occurs in step (4) when the nucleophilic 

amino radical adds to the electrophilic activated imine to 

generate a new cation radical, ultimately producing a 

polymer. 

Within this schemel propagation may also occur via 

attack of the unactivated imine by the nitrogen cation 

radical generated· in step (2). Precedents exist in the 

literature to support both modes of propagation. 

Scheme 1 may be envisioned as a means to synthesize 

copolymers as well as homopolymers. Electron-rich ole fins 

such as styrene yield the nucleophilic propagating radicals 

required for addition in step (2). 
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While there is little existing precedent for this 

mechanism published to date in the field of polymer chemis-

try, organic chemistry provides support for each step of 

this mechanism. Whereas amino radicals are not reactive 

enough to add to alkenes, nitrogen cation radicals are potent 

electrophiles which do add to olefinic double bonds (Shine 

et al., 1979). 

+ h'\) +. 
R2NHX ) R2NH + X· 

+. + 
R2NH + RCH==CHR ) ~NH 

\ • 
HC-CHR 

/ 

+ 
;/R 

R2~H 1 
RCH-CHR 

The decomposition of tetrazines in the presence of 

styrene derivatives yields only hydrazine derivatives. When 

the reaction is conducted in the presence of ZnC1 2 , however, 

addition of the complexed amino radical across the olefinic 

bond is observed (Michejda and Campbell, 1979) . 

• 
M~:ZnCI + Me2N° 

Me2~Me2. MezN

Ar 

\~r 



The addition of a free radical species to a 

protonated Cor activated) imine is demonstrated in the 

literature as well. Minisci (1976) adds acyl radicals 

to benzothiazole in the presence of strong protic acids. 

o 
R~ = Art· 80 % 

In this particular instance, addition is followed by 

rearomatization to give the product shown. It should be 

noted that addition occurs at the carbon terminus of the 

imine, as shown in Scheme 1. Minisci (1976) also demon-

strates the addition of nucleophilic free radicals to 

protonated pyridine derivatives. 
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The possible modes of termination for this mechanism 

are not shown in Scheme 1. Disproportionation and coupling 

reactions involving the nitrogen cation radical probably pro-

vide the dominant termination steps, and will be discussed 

further in Appendix B. 

Chain Transfer Studies of 
Zwitterion-Radical Intermediates 

The role of Lewis acids as complexing agents in 

radical coordination polymerization has recently been under 

investigation by a variety of workers (Bamford, Basahel, and 

Malley, 1980J Hirooka, 1981i Hirai, 1976; Kabanov, 1980). 
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The mechanism by which complexation of electron-deficient 

ole fins give 1:1 alternating copolymers in conjunction with 

electron--rich olefins has been studied by kinetic techniques, 

electron paramagnetic resonance, and by the effects of vary-

ing reactant ratios upon product composition. As a result 

of these studies, several possible mechanisms have been 

proposed, each of which suggests intermdiates which have 

proven difficult to substantiate. 

Despite the amount of work done to prove the various 

theories that have been developed, the effect of Lewis acid 

complexation upon free radical stability has not been 

addressed. Hirai and Takeuchi (1980) have demonstrated the 

copolymerization of methyl methacrylate and styrene in the 

presence of catalytic amounts of Bel 3 . It is likely that 

the predominant role of the Le~is acid in this system in

volves complexation with the carbonyl moiety of the prop a-

gating acrylate radical as shown below. 

Thus, the question of the effect of Lewis acid complexation 

upon the stability of this radical center naturally arises. 

We have chosen to call a free radical with this type of 

configuration a zwitterion-radical. 
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The study of a particular free radical center in a 

copolymerizing system is difficult, and accounts for the 

lack of conclusive results in this area. In order to study 

the stability of the zwitterion radical, we proposed utiliz-

ing classical chain transfer chemistry in order to generate 

this species as a small molecule, and to obtain a qual ita-

tive estimate of its stability relative to that of the 

uncomplexed analog. The use of a Lewis acid complexed ketone 

as a chain transfer agent should provide a zwitterion-radical 

which is an ideal model for the radical coordination polymeri-

zation system. 

The role of such chain transfer agents in the free radical 

polymerization of styrene is shown in Scheme 2. 

H 
/ II 

r../'\/V"CH -C" + R CH-C-R 
2" 2 Ar 

( 

Scheme 2 

-L LA 
'e/' 

R c-t -R + 'V"I'-CH 2 

2 I \ 
.i.e LA -ld' 

R C=C-R 
2 

Ar 
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As in a normal chain transfer process, the zwitterion-radical 

could terminate via coupling or disproportionation reactions, 

or reinitiate polymerization via addition to unreacted 

monomer. 

The ease with which chain transfer occurs is 

directly related to the stability of the intermediate formed, 

and is ultimately manifested in the molecular~eight of the 

polymer produced. Thus, the molecular weight of the polymer 

may be related to the stability of the zwitterion-radical 

in a straightforward fashion through the use of the Mayo 

equation. 

p
' = p11ft Cs (5) 

(M) 

(8) and (M) represent the concentrations of the chain trans-

fer agent and monomer, respectively. P is the molecular 

weight of the polymer produced, and p* is the molecular 

weigLt of the polymer which would have been produced if the 

chain transfer was absent. The term Cs is the chain transfer 

constant, and increases with increasing ability of the chain 

transfer agent to undergo chain transfer. 

~T5ing this scheme, the chain transfer constants of 

the Lewis acid complexed ketones (or aldehydes) and the 

uncomplexed carbonyl compound could be compared, thus giving 

a qualitative estimate of how the Lewis acid effects the 

stability of the radical center. The polymerization process 

acts as an amplifier of sorts, allowing the properties of a 



small concentration of reactive intermediates to be mani

fested in the macroscopic properties of the polymer (Hall, 

1983) • 
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APPENDIX B 

EXPLORATORY STUDIES: RESULTS AND DISCUSSION 

Two proposals regarding ion-radical intermediates in 

propagat~on and chain transfer polymerization processes are 

presented in Appendix A. The results of these studies are 

provided in this section, along with a discussion of these 

results. 

Acid Catalyzed Free Radical 
Polymer1zation of Im1nes 

Aldimines were selected as a suitable class of mono-

mers for demonstrating the acid catalyzed free radical 

polymerization mechanism. Although methylenimines are much 

more reactive, they readily undergo dimerization and tri-

merization reactions (Bailey, 1968). Thus, N-benzylidene 

methylamine 21, N-benzylidene anilene ~, and N-propylidene 

propylamine 23 were selected. The methylenimine N-methylene-

2,4,6-trimethylaniline 24 was synthesized as well, although 

it could only be stored for short periods. Compounds 21-23 

were synthesized via condensation of the appropriate primary 

H yH3 Ph EL H 
'--N >=\ '--N r- r-t't ;-0' Ph H h H nPr 

H ~CO 
21 22 23 24 c~ 
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amine and aldehyde utilizing literature procedures (Tiollais, 

1947). Compound 24, a novel compound, was synthesized using 

the procedure of Bigelow and Eatough (1932). 

Attempted Free Radical Polymerization 

Attempts to homopolymerize compounds 21-24 in bulk 

and in solution at 25° and 70°C in the presence of a free 

radical initiator (AIBN) under oxygen-free conditions failed 

to give polymers in all cases. 

Copolymerization with methyl acrylate, styrene, 

acrylonitrile, maleic anhydride, and methyl methacrylate 

were attempted under the same conditions. While the imines 

did not inhibit the homopolymerization of these comonomers, 

no incorporation of the imines into the polymers was observed. 

Thus, it is clear that the imines chosen do not 

undergo free radical addition across the carbon-nitrogen 

double bond, and are inert under the reaction conditions. 

Attempted Acid Catalysis 

The same series of polymerizations and copolymeriza

tions previously described were attempted in the presence of 

catalytic and stoichiometric amounts of a strong protic acid, 

trifluoromethyl sulfonic acid. Under the same reaction 

conditions, no polymer formation was observed. Polymeriza

tion of the comonomer was totally inhibited. 



Conclusions 

The fact that imines 21-24 do not homopolymerize 

via a tree radical mechanism is not surprising in view of 

102 

the fact that free radical additions to imines are relatively 

unknown in organic chemistry. There is little enthalpic 

driving force for this addition in the polymerization process. 

Ceiling temperature effects may, in part, be respon

sible for the non-polymerizability of these imines. The same 

factors that prevent cyclization to form dimers or trimers 

are present in the polymerization process, whether steric or 

thermodynamic considerations. 

The total inhibition of polymerization in the pres

ence of protic acids implies that something unusual is 

occurring in the reaction. Acids do not inhibit free radical 

polymerization, and were not ~bserved to react with the 

electron-deficient cornonomers. 

Because only starting materials could be isolated in 

these reactions, it .is necessary to speculate as to what may 

be occurring in these systems. Previous work by Nelsen, 

Kessel, and Brian (1980) suggests that disproportionation 

reactions involving hydrogen atom transfer to the nitrogen 

cation radical may shorten the lifetime of this extremely 

reactive species, such that:. it does not survive long enough 

to be useful as a propagating species during polymerization. 



+ 
~ H ~ ~ 

R)~-tt-R + r~2t-~-R ~ ~C-~-R 
~ R R 

Thus, it is possible that 21-24 generate nitrogen 

cation radicals in acidic media which act to inhibit 

polymerization of the comonomer through a series of dis-

proportionation reactions. Coupling reactions between 

nitrogen cation radicals are also known for some systems 
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(Seo et al., 1966). It is probable that the acid catal~zed 

free radical polymerization mechanism is not practical with 

protic acid catalysts. 

Chain Transfer Studies of 
Zwitterionic-Radicals 

In order to conduct the chain transfer study outlined 

in Appendix A, it was necessary to select a monomer which 

could be polymerized via a free radical mechanism, and which 

did not complex appreciably with the Lewis acid. Styrene 

satisfied both of these requirements. 

Benzene was chosen as the most suitable solvent in 

terms of ability to solvate both polystyrene and some Lewis 

acid complexes, while not undergoing chain transfer or com-

plexing the Lewis acid itself. 

Two types of Lewis acid complexed chain transfer 

agents were employed: complexes of aldehydes and ketones. 

Work with aldehydes was limited to the benzaldehyde:BC1 3 
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complex; aliphatic aldehydes underwent aldol-type decompo

sition and were impractical. Because BC1
3 

is the most 

efficient Lewis acid used in radical coordination polymeri

zation and is benzene soluble (Hirai and Takeuchi, 1980), 

it was selected for use in this study. 

Work with complexed ketones was limited to acetone, 

acetophenone, and 2,4,6-trimethylacetophenone. As in the case 

of the aliph.atic aldehydes, ketones were subject to a variety 

of acid-catalyzed decomposition reactions. A variety of 

Lewis acids was employed in an effort to prevent such decom

position. BC13 , BF3 , and EtAlC1 2 all gave soluble complexes, 

but promoted decomposition. SbFS ' SbCl S6 SnClS ' and ZnCl S 

promoted decomposition, and gave insoluble complexes as well. 

In work with BC1 3 it was found that 1:1 mixtures of 

the ketone and the Lewis acid did not give ketone decomposi

tion, but rather initiated the cationic polymerization of 

styrene. Excess ketone prevented cationic polymerization, 

but gave aldol-type degradation of the ketones. Thus, 

although ketones represented the ideal model for generating 

zwitterion-radical species similar to those postulated in 

the radical coordination polymerization process, their use 

was prohibited due to uncontrollable side reactions in the 

system. 

Different ratios of Be1 3 and benzaldehyde were 

required at different benzaldehyde concentrations in order 

to prevent the initiation of cationic polymerization in the 
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system. At 2.5 mole %, a 1:1 mixture was employed, while at 

15 mole % a 1:6 excess of benzaldehyde was required. Reac-

tions were run to less than 5% conversion over a 3 hour 

period at 60°C with 1 mole % AIBN present. 

The chain transfer constant obtained for the benz

aldehyde:BC13 system was 4.98 x 10-4 , a value which is very 

close to the published chain transfer constant for benz-

-4 aldehyde alone, 4.54 x 10 (Yamamoto, Hasegawa, and Otsu, 

1969). This result is quite surprising in view of the fact 

that Lewis acid complexation increases the bond strength of 

the aldehyde proton (Grinvald and Rabinovitz, 1974). The 

presence of both complexed and free benzaldehyde should in 

theory result in a chain transfer constant which is different 

from that of benzaldehyde alone. 

A possible explanation may be found in the kinetics 

of the chain transfer process. In normal chain transfer, 

the rate of propagation is much greater than the rate of 

chain transfer, while the rates of propagation and reinitia-

tion are approximately equal (Odian, 1981). The general 

result is an observed decrease in the molecular weight of 

the polymer produced. 

In the case of the Lewis acid complex as a chain 

transfer agent, a zwitterion-radical is produced as the 

intermediate species. The rate of propagation will probably 

still be much faster than the rate of chain transfer, such 

that relative changes of these two rates are probably very 
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small compared to the overall difference between them. It 

is not expected that the rate of reinitiation by the 

zwitterion-radical species is the same as for the uncomplexed 

acyl radical. However, the carbonyl of the zwitterion

radical is much less basic (in a Lewis sense) than the 

uncomplexed aldehyde, such that the equilibrium between 

complexation of the free radical versus the unreacted, 

uncomplexed chain transfer agent must strongly favor forma

tion of complexed chain transfer agent. Thus, reinitiation 

occurs, following loss of the Lewis acid from the zwitterion

radical, by an uncomplexed acyl radical. The rate of 

reinitiation remains the same as in the absence of a Lewis 

acid. 



APPENDIX C 

EXPLORATORY STUDIES: SUMMARY AND OUTLOOK 

While a great deal of information was obtained in 

investigating the possible role of ion-radical intermediates 

in chain transfer and propagation processes, the desired 

results were not obtained in either study. 

The chain transfer studies of Lewis acid comp1exed 

aldehydes and ketones demonstrated that the system required 

for studying zwitterion-radica1 intermediates is too complex 

for practical use. The model system for the examination of 

radical coordination polymerization (Lewis acid comp1exed 

ketones) may not be used under the reaction conditions, due 

to Lewis acid catalyzed side reactions. Work with benz

a1dehyde:BC1 3 complex indicates that kinetic factors make a 

qualitative comparison of chain transfer constants impossible. 

Thus, although the initial proposal provides an excellent 

means to use polymer chemistry in order to study small mole

cule intermediates, the system for doing this has not yet 

been found. No further research is planned in this area. 

In the acid catalyzed free radical polymerization 

of imines, it was demonstrated that a1dimines do not poly

merize via a free radical mechanism. Furthermore, the 

presence of protic acids in these systems creates a species 
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which inhibits free radical polymerization. The nature of 

this species is not known, and further research on the free 

radica-l reactions of imines is required. Possibilities 

still exist for demonstrating this mechanism, however, with 

methylenimines, which are more reactive and less subject to 

ceiling temperature effects. The use of Lewis acids instead 

of protic acids may also. give intermediates with the reac

tivity of the nitrogen Qation radical, but with a greater 

degree of stability. 
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